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The main objective of this thesis was to determine the effect of yeast strain and fermentation on 
the sensory perception of hop flavour in beer. This project evaluated the differences between 12 
different yeast strains on the flavour perception of a standardized wort made using bittering hops 
(Simcoe) and late-hopped with one aroma hop (Motueka). The yeast selection was a range of ale 
(S. cerevisiae), wheat beer (S. cerevisiae), lager (S. pastorianus), wine (S. cerevisiae wine yeast 
hybrid), Chardonnay (S. cerevisiae) and Champagne (S. bayanus) yeast strains.  
 
The beer was then evaluated by sensory analysis using a free sorting task methodology. A panel 
of 14 subjects including trained, untrained and beer experts were recruited for the study. The 12 
beer samples were evaluated in triplicate over three separate sessions to form groups according to 
the similarity of their sensory attributes, with descriptors allocated to each group. The beer sorting 
task data was analysed using multiple correspondence analysis (MCA) and a frequency table 
(contingency table) to understand the sensory attributes driving the differences between the beer 
samples. The top five most frequently used attributes were hoppy, fruity, sulphury, bitter and 
citrusy. Based on a textual analysis of the sensory attributes generated per beer sample, the 
significant sensory attributes associated with specific beer samples were determined. The beer 
fermented with 34-70 yeast was associated with a hoppy flavour, whereas both OTA 79 and Wy-
1272 beers were significantly related to sulphury. Spicy flavour notes were significantly associated 
with WB-06 and WLP 730 beers, and estery was also significantly associated with the WLP 730 
beer. VIN 13 beer was significantly related to sour and metallic, whereas WLP 001 beer was 
significantly related to astringent. The projections illustrated all beer samples were considerably 
different and this was due to differences in yeast strain used to ferment the 12 samples. 
 
Volatile analysis in beers was carried out using headspace solid-phase microextraction (SPME) 
and gas chromatography mass spectrometry. From the volatile analysis a total of 102 volatile 
organic compounds (VOCs) were detected, including terpenes, esters, alcohols and phenols, of 
which 77 VOCs were significantly different between beer samples (p-value <0.05). All the selected 
VOCs clearly demonstrated that the selected yeast types (ale, lagers, wine yeast) behave differently 




flavour. Wine and lager yeast strains expressed different outcomes compared to what was expected 
according to existing literature and industry information, which was considered to be due to the 
fermentation temperature being different to the recommended fermentation temperature. 
Additionally, the process of biotransformation showed significant difference in terpene esters and 
terpenoid compounds regulated by yeast strain, which also contributed to the different sensory 
perception in the beer samples.  
 
The integration of sensory and volatile analysis supported the association of flavour terms given 
to the beers and the volatiles detected in the beers. Beer made with OTA 29 yeast (Champagne 
yeast strain, S. bayanus) had the highest concentration of esters, mainly ethyl and acetate esters, 
specifically propyl acetate (celery and raspberry). The production of these volatiles supports the 
sensory analysis, which described beer OTA 29 as having a fruity flavour profile in beer. Beer 
made with WLP730 (Chardonnay yeast), Exotic (wine yeast) and WB-06 (wheat yeast) contributed 
to high 4-ethenyl-2-methoxyphenol levels, which corresponded to the sensory analysis, which 
described these beers as spicy. Beer made with 34/70 (lager yeast, S. pastorianus) was described 
as very hoppy and this outcome was supported by volatile analysis which presented to high levels 
of nerol and geraniol.  
 
Yeast selection is an important element in brewing, as yeast interact with hop compounds to 
determine the final flavour in beer as well as the type of beer produced. It is reported that yeast 
strains interact with hops differently to produce a variety of flavour profiles. The current study 
successfully demonstrated that all beers expressed different chemical composition and perceived 
flavour profiles based on sensory perception and volatile analysis. This research will provide 
scientific understanding on how different yeast strains affect hop flavour in beer. This project will 
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Beer flavour character and the quality of the final product depends on the biochemical reactions 
that occur during malting, mashing and fermentation of wort by yeast. These processes and the 
outcome can vary depending on the type of beer produced, the ingredients, fermentation conditions 
and yeast strain (C. W. Bamforth, 2009). The four main ingredients of beer are hops, malt, yeast 
and water. Malt provides the source of fermentable sugars, which is converted into alcohol during 
fermentation. Malt also provides a range of flavour characteristics as well as the overall body and 
sweetness to the beer. Water dictates the style of beer produced and impacts on flavour perception 
according to the chemistry determined by the beer pH and mineral ion composition. Minerals from 
the water composition are vital for yeast nutrition and optimal fermentation. Yeast selection is an 
essential element in brewing with the yeast strain determining the type of beer produced and has a 
major impact on beer flavour profile,  according to the aroma compounds produced during 
fermentation (Wunderlich & Back, 2009). In some cases, yeast also influence the perception of 
hop flavour in beer by interacting with hop compounds during fermentation. It has been reported 
that different yeast strains interact with hops differently to produce a variety of flavour profiles 
(Richter, Eyres, Silcock, & Bremer, 2017).  
  
Hop flavour in beer is complex, being affected by complex physical, chemical and biological 
changes that occur during brewing and fermentation. Hops are obtained from dried flowers of the 
female Humulus lupulus plant and contribute to the characteristic bitterness of beer that 
compensates for the sweet taste from malts and gives beer its characteristic drinkability. Hops also 
contribute to a range of aroma characters from the hop oil components and as well through the 
modification of hop compounds by yeast during fermentation (biotransformation) (King and 
Dickinson, 2003) The beer flavour profile from these interactions generate series of flavour notes 
including citrusy, floral, fruity and spicy notes (Hughes, 2009). However, despite much research 
into the chemical composition of hops and beer flavour Almaguer, Schönberger, Gastl, Arendt 
Elke, and Becker (2014) there are still major gaps in the literature, which contribute to a poor 
understanding of hop flavour in beer.  
 
Hop oils can be classified into three main chemical groups; terpenes (myrcene, alpha-humulene 




sulfur-containing compounds. Terpenoids are large class of chemical compounds derived from 
isopentenyl pyrophosphate precursors, which produce a range of characters including resinous, 
floral, fruity, minty and many other flavours. Yeast enzymes play a significant role in producing 
beer flavours while interacting with the hop essential oil such that yeast can change hop character 
in beer. The biotransformation of monoterpenes was shown in the study by A. King and Dickinson 
(2000) where yeast acts to isomerize or reduce monoterpene alcohols such as geraniol and linalool 
to produce a range of other terpenoid products. Recent studies have investigated the effect of yeast 
and hops in brewing, where biotransformations of monoterpene alcohols were carried out (Takoi 
et al., 2010). It is known that hop compounds are biotransformed into different compounds, which 
evidently changes flavour character and intensity. Preliminary studies have also shown that yeast 
pitch rate affects hop aroma in beer, although this has not been proven in large brewing scales with 
varying fermentation conditions to validate this outcome (Jamie Scrimgeour, 2016). However, the 
extent of the biotransformation reactions, the variation between different yeast strains and the 
impact on the sensory perception of hop flavour in beer remains poorly understood.  
 
This study investigated the differences between beer samples fermented with 12 different yeast 
strains and the impact on the flavour character and volatile compound composition of beer from 
the same starting wort late hopped with Motueka hops. The selected yeast strains range from lager, 
ale and wine yeasts to obtain a broad range of different flavour characteristics. Sensory evaluation 
was conducted to determine how yeast strain influences the sensory perception of hop flavour in 
beer. A sorting task methodology was applied using a panel of assessors (n=14), including trained 
sensory panellists, volunteers and brewing professionals from Emerson’s Brewery. The sorting 
task allowed panelists to sort the beer samples into the groups based on the similarities of their 
sensory attributes. Beer samples were then analysed using gas chromatography mass spectrometry 
(GC/MS), with headspace solid-phase microextraction (HS-SPME) sampling to evaluate the 
concentration of volatile organic compounds (VOCs) and to correlate these compounds to beer 
flavour terminology with the sensory results. This research will provide scientific understanding 
on how different yeast strains affect hop flavour in beer. This project will aim provide information 






1.2 Overall thesis objectives 
The aim of this study was to determine the effect of different yeast strains on the sensory perception 
of hop flavour in beer. This project investigated the differences between 12 different yeast strains 
on the flavour perception of beer late-hopped with one aroma hop (Motueka) using a sensory 
sorting task methodology and volatile analysis.  
 
1.3 Specific Objectives  
Objective 1: To investigate how different yeast strains influence the sensory perception of hop 
flavour in beer using a sorting task methodology.  
 
Objective 2: To evaluate the concentrations of volatile organic compounds by headspace gas 

















2.1 History  
Beer is one of the most consumed beverages in world and has been produced for the past 11 
thousand years (Zarnkow, 2014). Beer was traditionally consumed for its flavourful characteristics 
compared with water and, it also provided the benefit of brewing killing waterborne pathogens. 
Brewing appeared first in the Middle East including the Ancient Egypt and Israel and subsequently 
introduced to other parts of the world. Brewing accompanied the start of farming and other 
activities that led to permanent settlement rather than a hunter-gatherer existence. The brewing 
process, especially the fermentation process, was not well understood until the 19th century. The 
theory that fermentation was a chemical process persisted until Louis Pasteur proved in the 1860’s 
that fermentation was a function of yeast. The second major development in fermentation science 
was by Emil Hansen at the Carlsberg  Brewery in Denmark in 1883, who demonstrated  the ability 
to isolate pure yeast cultures for brewing, which prevented defects during the brewing and 
improved consistency and brewing performance (Harrison & Albanese, 2017). In 1879, Eduard 
showed that yeast enzymes produce during fermentation, in cell-free extracts could successfully 
ferment sugars (Barnett & Lichtenthaler, 2001)Since then pure yeast cultures have generally 




 Water  
The first main ingredient in brewing is water, which contributes significantly to the value of the 
final product. Traditionally brewers used water from wells (ground water), lake, rivers and other 
sources to utilise the salts and essential minerals and coincidently the difference in water chemistry 
assisted in producing various beer styles. For example, darker beers such as stouts and porters, 
were historically produced in regions such as London due to the high concentration of bicarbonate 
in water. Bicarbonates helps to in pH of the water which causes an impact on the mash and 
fermentation stages in brewing. Brewers of this region use roasted malts (dark coloured) that helps 
to reduce the pH to the appropriate acidic levels. Calcium sulfate in water also has an impact on 
the overall beer style. This is seen in some parts of England (Burton-on-Trent) and this mineral is 




technologies simpler options are available, due to treated water, for example by adding minerals 
and salts to brewing, purified water, distilled water and reverse osmosis. Therefore, it is important 
to understand the water chemistry prior to brewing as it determines the final beer style.   
 
 Malt 
Malts is one of the main ingredients in beer, as the flavours in beer originate partially from the 
malt type. The difference in malts are based on the cultivar of barley, the processing of the grains 
and also the process of drying and roasting the malts. There are various types of malt produced 
from raw barley. Generally, the barley is steeped at room temperature with water to stimulate 
germination. From this point the process is split into two, where malts are either dried at low 
temperatures (~60oC) or stewed at 55-70oC to convert starch into sugar by saccharification 
enzymes. After drying, kilning is introduced, and this can be done at low temperatures (85-115oC) 
or high temperatures (160-220oC) to develop colour and flavour. The low temperatures end 
products include pilsner malt, Pale malt, Vienna malt and Munich malt. The high temperature 
kilning produce chocolate, black, roast and brown malts. From the stewed malts the process shifts 
to medium temperature kilning (120-160oC) producing crystal malts, containing caramelized 
sugars. Overall the variation in malt production is due to different cultivars and different heat 
treatments.  
 
 Hops  
Hops (Humulus lupulus L, Cannabinaceae) are climbing perennial plants which belongs to the 
Cannabinaceae family (Figure 2.1) (Stewart, 2016). The plant includes either three, sometimes 
five, lobed leaves and it is described as diecious, and with separate male and female plants with 
only the female plant producing hop cones as flowers mainly distinct through the production the 
lupulin glands. However, the production of flowers requires the breaking of male seeds at the base 
of its bracteoles and falling from the position. Some articles have claimed that male hop flowers 
have undesirable qualities, such as production of off-flavours and oxidation in some beers, 
therefore it is removed before the seeds are produced (Stewart, 2016). Lupulin glands are yellow 
and sticky and are protected at the base of the bracteole, on hops cones which are the main 




increases the yield in hop production (Almaguer et al., 2014). Almaguer et al. (2014) also claimed 
the optimal hop cultivation requires a moderate climate with latitudes between 35o and 55o. The 
harvesting season is during late summer through to early autumn when the resin values have 
reached the desired level. Along with New Zealand hop growers, the production of hops is 
widespread, in the USA, England, Germany and elsewhere in Continental Europe, Australia, China 
and many other countries.  
 
Historically, hops were used to prevent beer spoilage as the bitter acids in hops have a 
bacteriostatic effect and thus hops were an essential component to brew safe and shelf stable beer. 
Modern day brewing practices still use hops to add bitterness to beer, and flavour, as well as to 
stabilize foam and to prevent microbial growth, even though with modern food safety programs 
and production practices, the contamination risks are much reduced (Verhagen, 2010). Hops are 
added at lower levels compared with malts. However, the total contribution of this ingredient to 
the sensory characteristics of beer is very important. The hop resins and essential oils are used in 
several products including medicines, food and beverages. They provide the bittering acids (alpha 
and beta acids) that are biotransformed during brewing and contribute to the final beer attribute 
(Karabin, Hudcova, Jelinek, & Dostalek, 2015). Individual hops produce distinct flavours and 
characteristic due to differences in the composition of their essential oil. Processed hops is 
available in pellets, cones, oil or plugs and depending on the brewer, the desired type of hops are 






















 The Total Resins  
Hop resins are classified into soft and hard resins. The soft resins, extracted from fresh hops, 
contain α-acids and β-acids. These resins are not soluble in water but soluble in methanol and less 
polar solvents such as diethyl ether. The three main α-acids homologs are cohumulone, humulene, 
and adhumulone and they make up to 20% of the total cone weight and contributes 3-4% of the 
bitterness. The main β-acids homologs are colupulone, lupulone, and adlupulone. The α-acids are 
the main source of bittering in beer due to their capability of isomerisation into iso-α-acids, this is 
the transformation of α-acids into water-soluble compounds. The compound in hops that contribute 
most to bitterness is cohumulone which makes up 15-50% of the total α-acid. It is found to have a 
lower foam stability in beer with a harsh bitterness and undesirable aroma characteristics (Stewart, 
2016).  The hard resins are present during the storage to help to increase the level of α-acids and 






H. japonicus (Origin: China & Japan, low lupilin 
gland production)
H. yunnanensis (not used in brewing)












 Hop Essential Oil Compounds  
Hop oils contain several different compounds that are well suited for brewing. The hop oil 
compositions vary depending on the hop cultivar, location of the hop farm and climate variation. 
Hop oils contain protein, water, mineral, tannins, fats, sugars, essential oils and most importantly 
the alpha acids and beta acids (Table 2.1) (Almaguer et al., 2014). Hop oils can be classified into 
three main chemical groups; hydrocarbon, oxygenated compounds and sulfur-containing 
compounds. The hydrocarbons are further categorised into; aliphatic hydrocarbons, monoterpenes 
and sesquiterpenes. The hydrocarbons are highly volatile chemical compounds which can be easily 
oxidized and polymerized. Owning to their low solubility profile, these hydrocarbons evaporate 
during the boiling of the wort and are found in lower concentrations in the finished beer (Almaguer 
et al., 2014). The compound of most interest to brewers in the essentials’ oil are the terpenes which 
include monoterpene β-myrcene which makes up to 30-60% of total resin content and has a 
geranium-like odour (Almaguer et al., 2014). Other hydrocarbons in hop oil include α-pinene, β-
pinene, limonene and ρ-cymene. The sesquiterpenes include; α-humulene, β-caryophyllene and 
many other terpene compounds, which have a higher boiling point then the monoterpenes. Each 
of the terpenes produce volatiles that are desired in beer flavour with α-humulene producing 
balsamic-like odour, and β-caryophyllene imparting a clove and turpentine-like odour (Almaguer 
et al., 2014; Eyres & Dufour, 2008).  
 
Oxygenated compounds such as the terpene alcohols, sesquiterpene alcohols and other oxygenated 
compound are also found in hops and desirable in beer (Holt, 2018). The terpenes compounds; 
linalool, geraniol, nerol, α-Terpineol and other compounds contribute to the beer flavor. The most 
flavour active compound found in beer is linalool which is derived from the terpene alcohol groups. 
Linalool is known for its production of floral and citrus notes in beer (Almaguer et al., 2014). 
Other compounds for example, geraniol along with geraniol acetate also contribute to the floral 
and citrus notes, 1-hexanal produces green and grassy flavour profiles and 2-methylbutyric acid 
contributes to the cheesy aroma characteristics in beer (Lewis & Young, 2012). Sulfur containing 
compounds are also found, such as thioesters and sulfides, in hops and these compounds are 
precursors of the malt by the malting process and eventually produces undesirable beer flavour 
above its normal threshold. More on the beer flavour will be discuss in part 2.6 (Origins of beer 




terpene compounds evaporate during the boiling and fermentation phase, and some are absorbed 
through the process of fermentation as the compounds get metabolized by yeast cells (discussed 
in 2.4) (Priest & Stewart, 2006). These compounds that are lost (due to evaporation) are topped up 
during the late hopping stage where the aroma profile of the beer is perceivable (Almaguer et al., 
2014).  
 













Understanding the taxonomy of yeast provides better understanding of categorising and identifying 
the yeast strain responsible for desirable beer flavour and style. There are the two main types of 
brewer’s yeast, named as Saccharomyces cerevisiae and Saccharomyces carlsbergensis, but more 
recently re-classified as Saccharomyces pastorianus, respectively. These yeasts are different based 
on their morphological, physiological and their ability to ferment sugar. Several methods have 
been used to differentiate and identify different yeast species that are commonly used in the 
brewing. During fermentation the sugars from wort play an important role to introduce compounds 
such as alcohol, carbon dioxide and esters. These compounds have significant contribution in beer 
Constituent  Amount (%) 
Total resins 15- 30 
Essential oils  0.5 - 3 
Proteins 15 
Monosaccharides 2 
Polyphenols (tannins)  4 
Pectins  2 
Amino acids  0.1 
Waxes and steroids traces 25 
Ash  8 
Moisture  10 




flavour profile. By-products are formed when yeast metabolise sugar include acetaldehyde, 
dimethyl sulfide (DMS) and diacetyl. These compounds are known for their undesirable flavour 
profile however, they are only present at low concentration and disappear through and further 
fermentation conditioning process. But in some situations, these compounds get carried into 
finished beer and introduced the off-flavours such as the buttery flavour (Livens, 2016). Esters are 
produced and are classified as positive to the beer profile and are produced even further when the 
temperatures are increased. An example of an ester includes isoamyl acetate contributing to 
banana-like flavour. More on beer flavour is described in section 2.4 
 
Yeast in brewing have been used for many years. However, the evidence that yeast was responsible 
for fermentation was only determined in the nineteenth century. The common yeast used in beer 
fermentation come from the genus Saccharomyces which produce the two primary metabolites 
ethanol and carbon dioxide, and a range of other secondary metabolites, which are essential for 
flavour and aroma development in beer (Stewart, 2014). Saccharomyces was termed a sugar 
fungus by the German chemist, Meyen and later Emil Christian Hansen highlighted the importance 
of yeast in brewing. Hansen successfully observed the difference between ale and lager strains 
through their difference in characteristics in flocculation ability. Saccharomyces cerevisiae is a 
“top-fermenting” yeast and have a faster fermentation rate when fermented between 18oC - 22oC 
but do not metabolise melibiose. Lager yeast are “bottom-fermenting” yeast and has a faster 
fermentation rate between 7oC - 15oC and can metabolise melibiose. The isolate responsible for 
this behaviour was Saccharomyces carlsbergensis. From his research he was able to identify the 
importance of temperature of fermentation, selection of yeast strain and how this evidently affects 
the beer flavour and yeast performance during brewing. Also, from Meyen and Hansen’s research 
contributed much extensive knowledge on yeast biological and chemical process at the Carlsberg 










2.3 Process of Brewing 
Modern beer has four main ingredients, which are malt, yeast, hops and water. Beer production 
may be separated into five process of malting, mashing, wort processing, fermentation and 
finishing / conditioning (Harrison & Albanese, 2017). Firstly, the process of malting is the 
transformation of raw barley by controlled steeping and germination which develops enzymes that 
will be necessary in the following mashing step. Germination takes place to assist barley to 
germinate naturally and kilning allows barley to develop colour and flavour by heating and drying 
ready for storage. These steps are taken to ensure the barley is debris free, dry and stored accurately 
to increase its’ viability (Stewart, Anstruther, & Russell, 2017). In the Brewhouse, the malt is 
milled (ground) into the grist, before being added to hot water, at a pH between 5.2-5.6 to form 
the mash. The mashing step facilitates hydrolysis of proteins and starch by enzymes to soluble 
components thus yielding the malt extract, which is termed the sweet wort. The purpose of mashing 
is to breakdown specific elements such as transforming protein into amino acids, degradation of 
β-glucans to soluble components and most importantly to breakdown starch, upon gelatinization, 
into fermentable sugars by the action of amylase enzymes (Priest & Stewart, 2006). Certain cereal 
adjuncts such as maize, wheat, rice or sorghum can be added to mashing to provide an additional 
cost-efficient carbohydrate source and/or alter flavour character and body. Mashing can be 
subdivided into different methods, summarised below (Fix, 1999).  
 
Infusion mashing takes place in the mash tun at a single set temperature, for high quality and well 
germinated (high modification) malts. Secondly, decoction mashing allows different temperature 
settings with less well germinated malts (less modified). The temperature series starts from 
removing (decocting) a fraction of the mash and heating it to boiling point. The decocted fraction 
is then returned to the main mash vessel. This is can done with either single, double, or triple 
decoction steps to achieve various mash temperatures. The final method is the double mashing and 
it is required when the adjuncts (cereals) need prior cooking to gelatinise the starch before its added 
to the main grist, mostly used for American style beers. The adjuncts are heated to 85oC for 10 
min in one cooker while the main barley mash is mixed in another cooker. The precooked cereal 
adjuncts are then mixed with mash mixer and raised to boiling temperature and transferred to malt 





Wort separation is achieved in either a single vessel (combined mash/lauter tun) or two separate 
vessels (mash and lauter) or using a mash filter. Both vessels have high yield as the lauter has a 
large surface area and a shallow grain depth and mash filter works under pressure with very thin 
bed depth to achieve faster mash separation and extraction (lauter tun). Lauters are similar to the 
infusion mash tun with but they have a broader cutting ability for reducing the size of the solid 
materials (spent grain). The solid material is stirred and pumped in large portions during the 
mashing stage allowing liquids to pass through, producing sweet wort, while retaining the solids. 
Some brewers add adjuncts such as caramel, sugars and syrups to add the amount of fermentable 
sugars and some add hops during this stage to add flavour and antimicrobial properties. The cycle 
for lauter runs for 2 hours while a mash filters takes up to 90 min. Mash filter requires a smaller 
space and fewer mechanical parts than lauter tun. The process requires mash pumped into the 
chamber whereby the shallow side of the chamber is where the sparge water is added and on the 
other side the sparge water/wort descends the mash. Therefore, at the end of the mashing step, the 
sweet wort containing the extracted soluble components is separated from the solid particles (spent 
grain) in the process of wort separation. The aim is to obtain a quality end product with clear wort 
and collect as much sugar as possible from the residual matrix to maximise yield (Rosentrater & 
Evers, 2018).  
 
Wort boiling enables sterilization of the wort to eliminate all bacteria, yeast and molds that could 
affect the fermentation and flavour profile of the final beer product. Boiling also allows extraction 
of bittering hops, elimination of off-flavours (DMS) through evaporation, and coagulation of 
surplus proteins and tannins to produce solids particles, such as the trubs, to later on aid in beer 
stability and foam production. During boiling hops are added at different times. The bitter hop 
flavours are added early to the boiling stage to extract hop resin to obtain bitterness. Hops added 
later in the boiling stage are there to compensate for the aroma that were lost owning to evaporation 
from the kettle. Trub removal, also known as protein removal, is another stage during wort 
processing to prevent haze and sediment formation in beer. Aside from improving clarity, trub 
removal enhances beer flavour stability. Brewers add kettle finings to improve the precipitation of 
the beer. Several methods are used to achieve this stage. As mentioned earlier, hop strainers are 
used to filter out the hop debris and trub. Centrifugation under hot temperature removes 20-80µm 




inlet, the residuals are deposited into the center of the vessel and is then taken away from the 
periphery of the vessel. Flocculation method remove larger particles under hot temperature, during 
wort boiling, which adheres the trubs to the surface of the wort and is skimmed off (Brian, 2017). 
Wort cooling is carried out through a heat exchanger using water or chilled glycol as a medium. 
The initial fermentation temperature is specific to beer style and the yeast strain used, with typical 
lager ferments between 8-15 oC and ale between 14-20 oC. The main objective of wort cooling is 
to remove the cold trubs and to cool it to pitching temperature for the yeast (mentioned above) 
(Brian, 2017).  
 
Yeasts are handled carefully to maintain the efficiency of fermentation during a propagation stage. 
This is to sustain the viability and vitality of pure yeast culture cells before pitching. Yeast is 
pitched into the cooled wort either directly into the wort or using an in-line en-route through a heat 
exchanger. Standard yeast cell number for pitching are between  5 – 20 million yeast cells per 
milliliter of wort (Brian, 2017). The flavours and beer style produced will depend on the type and 
the amount of yeast pitched into the wort. If over or under pitched the style of the beer may change. 
For example, over pitching may mean that the sugar is fermented  at a faster rate and will leave 
some yeasts deplete due to lack of nutrition and oxygen during fermentation. (Livens, 2016). There 
are three main fermentation characteristics including the lag phase, growth phase and stationary 
phase. The lag phase is where the dissolved oxygen is assimilated, and the yeast produce sterols 
and fatty acids regularly to build the cell wall membrane. The nitrogen, provided by the wort, is 
needed for cell growth and metabolism of carbohydrate, via amino acids. This process aids the 
production of enzymes to ferment the wort sugars. Growth phase is the uptake of fermentable 
sugars (discussed more below) and production of ethanol and CO2 followed by flavour production 
(higher alcohol and esters) (Livens, 2016). This is an important stage of beer flavour production 
as it produces the final beer attributes, the flavours could either positively or negatively impact the 
beer (discussed in 2.7 beer flavour). Stationary phase is when the nutrient in the wort is depleted, 
CO2 levels reduce and the yeast stop metabolizing carbohydrates. This process indicates the end of 
beer making and the beer is moved to the cold condition stage (discussed later). There are 
important aspects to consider during yeast pitching to maintain the yeast cell viability (Hornsey, 
1999); add sufficient yeast for maximum fermentation, yeast should be healthy, yeasts should be 




The final beer attributes and its desirability comes primarily from the practical importance of 
fermentation. Primary fermentation is the initial stage of fermentation at which the carbohydrates 
in worts are integrated. Secondary fermentation allows the left over carbohydrates in wort to 
assimilate and is achieved at much lower temperatures (Priest & Stewart, 2006). A typical 
fermentation takes up to 8 – 20 days where most of the changes start to occur 6 hours after the 
yeast is pitched into the wort. The yeast from this point consumes the oxygen occupied producing 
CO2 bubbles and a thin layer foam. In 48 hours, the yeast grows and by this point the yeast and 
carbohydrate assimilate reducing the CO2 rate. Glucose and fructose, from sucrose, are consumed 
at an earlier stage (up to 2 days) followed by utilization of maltose and maltotriose (takes up to 7 
days) by yeast. This leads to a production of ethanol, fusel alcohol and esters that provide the beer 
with its typical characteristics / sensory attributes. When the carbohydrate has been successfully 
consumed therefore, fermentation after this point decreases. The pH falls from during the 
fermentation process due to the consumption of amino acids and primary phosphates and owing 
to the production of the organic acids are produce pH values that can vary with the wort pH 
(initial), wort buffering and yeast growth during fermentation. A low wort pH, low wort buffering, 
and high yeast growth produces low beer pH (3.8 – 4.4). The advantage of a lower pH in beer is 
to prevent bacterial spoilage during fermentation. Cold conditioning allows the maturation of green 
by several process. The process cold condition (secondary fermentation) produces clearer beer by 
removing suspended particles, stabilization by minimising O2 interaction and carbonation by 
added more CO2. Cold storage has minimal contribution to beer flavour and minimal yeast activity. 
However, it removes polyphenols which have harsh bitter beer flavours. Low temperature storage 
also prevent microbiological spoilage of beer and prevents any changes in beer characteristics 
(Brian, 2017).   
 
Beer packaging is separated into two different categories; larger packs including the kegs and cask, 
and small packs including the cans and bottles. The packaging, bottles and kegs, are primed with 
sugars to permit secondary fermentation) (Rosentrater & Evers, 2018). The process of packaging 
can also affect the beer flavour and stability by the presence of oxygen (oxidative 
changes/chemical oxidation) some commonly found off-flavours due to these oxidations include 
the cardboard flavour by trans-3-nonenal and other furfural related compounds become present 




2.4 Beer Flavour 
Beer flavour is an important aspect of beer that drives consumer acceptance. The flavours in the 
final beer product are introduced through the process biotransformation of hop aroma compounds 
during fermentation. To maintain a specific beer flavour there are parameters such as temperature, 
yeast selection, malt type and hop selection that must be controlled. Beer flavours such as; “ethyl 
acetate (solvent-like, fruity), isoamyl acetate (sweet, banana), isobutyl acetate (banana, fruity), 
ethyl caproate (apple) and 2-phenylethyl acetate (rose, honey)” are produced are produced 
throughout brewing however the most important stage of brewing is during fermentation and 
storage where most of the fermentation derived compounds are introduced (Hughes, 2009). 
Starting with malted barley there are varieties of malt that can be selected to produce a specific 
style of beer. Malts also contribute to the colour of the beer that range from pale ale to roasted 
barley ranging between 4 – 138 (pale lager to imperial stout)oEBC (European Brewing 
Convention) (respectively) (Stewart et al., 2017)hand. The lighter pale ale colour produce biscuit 
like flavours, amber produces nutty, fruity type beer flavour and the roasted barley typically 
produces burnt like flavour. Maillard reaction is introduced in the process of flavour production 
involves browning and caramelization. This process is through heat exchange of amino acids and 
sugars. The three most flavour active compounds produced during Maillard reaction include 
Furaneil (toffee and caramel), maltol (caramel) and, isomaltol (caramel and burnt sugar) (Bamforth 
et al., 2011). The process of kilning allows different colour formation of malts as well as releases 
the fermentable carbohydrate and free amino nitrogen (Hanke, Herrmann, Rückerl, Schönberger, 
& Back) products which are further utilised during fermentation.  
 
During the wort boiling and storage/fermentation malt derived compounds such as thiazoles, 
pyridines, pyrrolizines and others evaporate and breakdown down. However, some remain which 
affect the beer flavour. For example, the sulfur containing compound commonly the dimethyl 
sulfide (DMS) it is desirable when presented below its flavour concentration but when above 
threshold, the sulfury (buttery off-flavour) note is presented. This compound can be easily 
suppressed bur by fermentation process as more CO2 is added. This off-flavour is derived from the 
precursor S-methylmethionine (SMM), which is an intermediate reaction in biosynthesis of valine 
and isoleucine, and to prevent this formation appropriate amount of wort boiling quantity is 




the sweet flavour however it may have a negative impact on the mouthfeel. To prevent diacetyl 
formation a lengthy maturation time is required to decrease its level below threshold (Hughes, 
2009; Mander & Liu, 2010).  
 
Hops are added in wort to impart the bitterness and to add more flavour profiles in beer. The 
bitterness is derived from the isomerization of α-acids to iso-α-acids during wort boiling. Beer 
bitterness can also be enhanced at warmer temperatures and with the addition of calcium carbonate. 
However, the level of polyphenols can affect the perceived beer bitterness (Hieronymus, 2012).. 
Bitterness quality is affected by hop selection as well as the time hops are added to the boil. The 
studies were based on sensory and analytical measures using beers with different hop variety 
(Oladokun et al., 2016). Over time, the perceived bitterness is degraded with further breakdown of 
iso-alpha-acids but this reaction pathway is unclear if the degradation is due to stale flavours taking 
over the bitter flavours (Mander & Liu, 2010).  
 
Various esters are found in the finished beer which contribute to the floral and fruity notes. These 
are primarily through the compound isoamyl acetate which is presented above its flavour 
threshold. Other esters such as the methyl esters are found in beer flavour from the 
biotransformations of hexanoate to dodecanoate (discussed further in part 2.7; Biotransformation 
of hop compounds). Other branched chain methyl esters are also produced in this process. During 
fermentation much of these esters are hydrolyzed which helps to increase the ethanol value. The 
process of different ester formation is particularly achieved by the type of yeast strain used for the 
beer fermentation, however during storage, the active flavour esters are reduced and the 
undesirable esters impart the flavours, and this is through reaction between ethanol and organic 
acids (Mander & Liu, 2010).  Generally, to add more “floral” or “woody” flavours in beer, pure 
hop extracts (PHA) can be added or more hops added towards to end of the boil to enhance the 
hoppy flavour (Eyres et al., 2015). 
 
Aldehydes are also found in beer and are produced by the oxidation of alcohols and can also be 
derived from fatty acids from malt. The production of these compounds can be affected by wort 
production and yeast health. These aldehydes are most commonly known as acetaldehyde in beer 




fermentation which come from the higher alcohol group. The most common fusel alcohols include 
2-methylpropanol, 2-methylutanol and 3-methylbutanol also 2-phenylethanol. These commonly 
produce a positive flavours in beer and can have “warming effect” on the overall taste in beer. 4-
vinyl guaiacol contribute to clove-like flavours in beer .Studies suggest clove flavour is acceptable 
in top fermenting ales, wheat beers, but are undesirable in lager beers such as the pilsner (Mander 
& Liu, 2010).  
 
Takoi and others (2010) explains geraniol is a major product of biotransformation by yeast and the 
levels elevate till fermentation is complete. The conversion however is dependent on the yeast 
growth phase which include yeast health and nutrient availability. Majority of the conversion is 
accomplished between day 2-4 of fermentation and at this stage geraniol is converted to beta-
citronellol (in late-hopped beers). Yuan et al. (2011) explains this process by the enzyme involved 
in this process of conversion is OYE2 (old yellow enzyme 2, not a specific enzyme) derived from 
Nicotinamide adenine dinucleotide phosphate (NADPH) dehydrogenase 2. 
 
2.5 Biotransformation of hop compounds 
A topic of interest in the brewery industry is the formation of different flavour compounds during 
fermentation of beer that determines the final beer flavour. There is limited literature that suggest 
hop derived compounds are biotransformed during brewing, specifically during fermentation. 
What is known is that most of the aroma volatiles are lost during wort boiling but these are can be 
compensated during late-hopping stage. Some of major hydrocarbon such as the terpene 
hydrocarbons are oxidized along with linalool and another monoterpene (Praet et al., 2012) . A 
study conducted that observed the behaviour of terpenes when ale and larger yeasts were used 
during brewing. Moreover, the research objective was to investigate if the hop terpenoids were 
able to transform. It concluded that these terpenes were biotransformed particularly the geraniol 
and linalool compounds. Further down the track, acetate esters were produced from the two 
monoterpenes; geraniol and citronellol (King and Dickinson, 2003) 
 
Another study by this author King & Dickinson (2000) analysed the biotransformations of 
monoterpene alcohol using three different yeast strains; Saccharomyces cerevisiae, Torulaspora 




Biosca) chemical reaction include reduction, translocations, cis to trans isomerization and 
cyclicizations. All three yeast strains successfully biotransformed the monoterpenoids such that 
geraniol was reduced to citronellol, geraniol isomerized to nerol, nerol to linalool, and linalool to 
α-terpineol. Nerol also isomerized to α-terpineol and α-terpineol to terpin hydrate (hydroxylation 
process). Lastly, the α-terpineol was transformed into diol cis-terpin hydrate. The terpenoids drop 
during this process and this is due to heat and portioning of the compounds to the cell membranes 
of yeast (King, Dickinson, 2000). 
 
King and Dickinson (2003) clearly described the biotransformations of terpenoid compounds that 
were found in hops during brewing and this study correlated with Bishop (1998). However, what 
was known was that esters and terpene alcohols were found in hop oils and in beer by yeast through 
the process of esterification at only at low concentrations, for some beers. Lager yeasts 
successfully produced terpenoid esters and not by ale yeast and this was potentially due to the 
genetics of yeast. The fermentations were carried out at 18oC whereas this was too high of a 
fermentation temperature for lager as lagers prefer fermentation temperatures around 12oC. 
However, even with a higher temperature of fermentation, typically for lager yeast, this had no 
impact on yeast activity. King and Dickinson (2000)  observed the reversible biotransformation 
reaction of geraniol and nerol to linalool. This was due to depletion of nutrition and oxygen in the 
middle of fermentation (day 6~) and these factors as well as depletion of some intracellular sterols 
caused the reversible reaction. The terpene alkenes are found at much lower concentrations in the 
final beer products. The research suggested the reason for this could have due to insolubility of the 
alkenes and the binding of the alkenes to the yeast biomass during fermentation. In contrast, the 
oxygenated compounds were more stable than alkene compounds during fermentation and this is 
the reason for the hoppy aroma in finished beer. Hop concentration in wort is different from of 
concentration in finished beer and this is due to evaporation (high volatility in hop aromas) and 
fermentation (yeast metabolism). For this reason, terpenoid in beer and the biotransformations of 
the terpenoids is still not well understood due to the biochemical and enzymatic reactions 







2.6 Sensory Studies on Beer 
Lawless and Heymann (2010) define sensory evaluation as a scientific approach to analyse 
responses from the food products through sight, smell, touch, taste and hearing. The analysis is 
then interpreted using various statistical methods. This enables the food industry and researchers 
to understand the sensory properties of foods as a function of food reformulation or new product 
development or processing method. For sensory perception to be precise, the assessors, either 
volunteer or trained, are placed in individual booths. The sensory booths allow observation and 
analysis of the food sample to be made without the effect of external factors, such as environmental 
odour, affecting the judgement of the product. There are three main classes of sensory test methods 
discrimination test, affective test and descriptive test. Discrimination tests, also known as 
analytical tests, may utilise either trained or volunteer panellist. The degree of difference measured 
by discrimination test are “allowed ‘difference’, ‘meaningful difference’ and ‘similarity limit’. 
Discrimination tests are sensitive and simple tests that may show that two products presented to 
the panellist are chemically different, but the difference is not perceivable by panellist. Affective 
test analyses the products hedonically using untrained consumers (panels). The test requires panels 
to just the products based on their preferences and liking of the products. Descriptive analysis 
measure how the products differ this essentially requires trained panels, or panels to be trained 
prior to the assessment (Lawless & Heymann, 2010). 
 
There have been several sensory studies conducted on beer flavour profile whereby mostly are 
descriptive analysis but more specifically sorting task. Sorting tasks allows panelist to determine 
the sample magnitude by visual and oral senses the products are then grouped based on their 
similarities and the frequencies of the products sorted together gathers the data of all products 
grouped together. The method is flexible and can be used on many food and beverages with 
minimal training, they are time and cost effective compared with Flavour Profile. Quantitative 
descriptive analysis (QDA) and other traditional descriptive analysis with trained panel and more 
(Lawless & Heymann, 2010).  Lelièvre, Chollet, Abdi, and Valentin (2008) performed various 
experiments using sorting tasks and clearly validated the effectiveness, efficiency and robustness 
of the sorting task. The sorting task allows assessors to evaluate the products and group them 
however they preferred and further conduct a descriptive test to generate their own vocabulary to 




15 products and up to 20 assessors (either trained or untrained). The most important aspect of using 
sorting task as described by Lelièvre, Chollet, Abdi, and Valentin (2009)is the use of this method 
in quality control of products when discriminating the age of the products, as well as providing 
insights for marketing group by comparing the products from their competitors’ products.   
 
Sorting tasks have been thoroughly studied in the past by Lelièvre et al. (2008), who used an 
approach to study the differences between a group of samples and to determine what the sensory 
attributes that drive the differences. The authors conducted research on a sorting task for beer 
followed by description of the groups generated. Trained assessors (n=13) and two groups of 
untrained assessors; (A) (n=19) and B (n=18) investigated nine commercial beers. The beer was 
collected from a range of breweries ranging from “blond”, “amber: and “dark”. The task was to 
sort the beer into however many groups they desired, with a minimum of two groups, then a list 
of descriptors was generated for each group. The second task was designed to match the same set 
of beer samples provided again and regroup these beers based on the same set of descriptors 
generated. The results showed trained and untrained assessors did not describe the beers similarly, 
the matching tasks between the two groups varied greatly and the method of providing a list of 
sensory term were not reproducible. The method presented is still recommended for future studies 
as it provides information on assessor’s behaviour towards complex products such as beer and that 
training is highly recommended to easily recognise vocabulary generated.  
 
In contrast, Lelièvre et al. (2009) pointed out that trained and untrained assessors had similar 
behaviour on categorising beers through two parameters, visuals (colour) and brand. The first task 
was to categorise beer (9 samples from different brewery) by visual (colour) and the second task 
was categorising beer samples without seeing the samples (blind condition) by brands. As a result, 
task one showed both trained and untrained assessors predominantly judged beer by colour then 
smell. For task two, assessors were trained prior to the assessment where the session included 
evaluation of different beers. The training was carried out for 1 hour a week for three years to test 
assessors’ skills on different flavour profile and the untrained assessors were volunteers from the 
university who were regular beer consumers. This result showed there was no effect of complex 
sensory training for sorting task, as both sets of assessors described beers similarly. The authors 




general, preferred visual cues rather than chemosensory cues to analyse the various beer samples 
(Lelièvre et al., 2008).  
 
Lelièvre et al. (2008) conducted further research to further evaluate the validity of sorting task 
against flash profiling, mapping/napping and free choice profiling. Flash profiling approach allows 
product mapping followed by vocabulary generation in a short time because assessors are 
familiarised with testing products in the same session as product evaluation. A flash profile 
retrieves assessors’ insights by asking them to rank the given products in terms of their intensity 
(high or low) one at a time. However, with no training, the sensory discrimination of the products 
becomes a challenge when narrowing down the diverse range of vocabulary used to describe the 
products. Mapping/napping, also known as sensory mapping, asks assessors to discriminate the 
products by drawing a map and place the products according to their similarities and differences. 
The coordinates given produces the data required which evaluates assessors’ behaviours towards 
the products and their difference in magnitude of the products. Free choice profiling is where 
assessors freely describe and evaluate products with no training and screening. The descriptive 
analysis allows assessors to describe the products using their own list of consensus vocabulary. 
However, with various lists generated from each assessor, the mapping becomes difficult to 
interpret. Therefore, sensory researchers then decide the meaning of each attribute which in turn 
describes the product from a sensory perspective.  
 
A comparison between  sorting task and flash profile was conducted using beer as products 
(Chollet, Lelièvre, Abdi, & Valentin, 2011). The study included five different sets of beer with 
different quantities of beers in each set along variety of beer flavours; (Set 1 = 20 beers), (Set 2= 
12 beer), (Set 3 = 24 beers), (Set 4 -= 12 beers) and, (Set 5 = 9 beers). Each set had trained and 
untrained assessors to further evaluate the interindividual variation. The sorting task was carried 
for all 5 sets in the same manner where thee panels were presented with the entire set of beers in 
randomised order. The assessors began tasting and smelling the samples and were asked to gather 
the samples in groups that were perceived similar. Assessors could form as many groups as they 
preferred, and the task was performed over one session in separate booths. A total of six 
experiments were carried but of interest sorting task was selected. Combining the results from 




task showed a greater magnitude of robustness and was very time efficient overall. In detail, the 
similarity of the products relationship was described, and the beers grouped together were given a 
value of “0” and beers not put together were given the value “1”. The MDS further produced a 
mapping of the beer samples sorted together and a global matrix of the individuals were calculated.  
There was no difference in performance between trained and untrained assessors. However, the 
trained assessors did create more groups than untrained assessors, but this did not affect the 
performance of the untrained assessors because some groups created from untrained assessors 
were more reliable than trained assessors. This was evaluated by MDS of beer groupings and a 
coefficient between the products and coordinates were generated. In terms of vocabulary 
generation, the trained assessors had more advantage as they recognised the beer the second time 
they tried it, which changed their criteria of sorting also. However, the sorting task showed 
repeatable results, which showed high validity and robustness in data. The downside of the sorting 
task method included some degree of memory issues, and fatigue, for both trained and untrained 
assessors. They showed difficulties in memorising the taste of beer, as the beers were tasted one-
by-one, which is common when tasting similar types of beer and especially when there are more 
than 20 samples (set 1) presented for each test. This also affected the efficiency of the sorting task 
especially for set 5 samples, final set, beers were presented in the experiment. When the assessors 
were given a list of beer flavour attributes (44 words form wheel of beer), it was not very helpful 
for trained assessors. The possible reason for this could be having a long list and that the terms 
used in training were different from the list given in the experiment.  
 
A comparison test was carried out by Krzysztof and Tadeusz (2015) with test beer samples 
compared against the reference samples. The beer samples were produced with three different 
yeast pitching rate, pitch rates did not vary, these include: 5 × 106, 7 × 106 and 9 × 106 cells/mL. 
The comparison test included the analysis of beer profile for its aroma, esters, hops, bitterness, 
sulphur compounds, sweetness, acidity, fullness, balance and flavour. A total of nine trained 
panellists were recruited for this study to rate the intensities of the beer using a scale reference. 
The study concluded that different yeast pitching rate had no effect on the concentration of higher 
alcohols and vicinal diketones. The sensory study suggested all the beers were “good” judging 
from the scale. The importance of using higher yeast pitching rate, from wort inoculation, is to 




formation when accelerating fermentation is high due to incomplete conversion of precursor 
metabolites, a-acetolactate to diacetyl (Kucharczyk & Tuszyński, 2015). (Krzysztof & Tadeusz, 
2015).  
 
A similar test method was carried out by Oladokun et al. which concentrated on the bitterness 
profile of 10 beer samples. A total of six assessors were trained over two sessions to generate 
descriptors. The training session analysed 10 of the 34 samples of beers and from these 13 
descriptors were generated. For the test session the samples were presented individually and 
assessed in three replicates. The beers described as “harsh” and “progressive” bitterness evidently 
had high hop acid and polyphenol concentrations, whereas the conventionally brewed beers were 
described as “sharp” and had “instant” bitterness. Lastly, the beers containing light hops (lower 
flavour profile) were described as “rounded”, “diminishing” and “acidic” in bitterness. The 
conclusion was drawn that the hopping regime affects the overall sensory properties of final beer, 
which is perceived by bitterness perception and intensity (Oladokun et al., 2016). 
 
2.7 Flavour Extraction Methods  
Several flavour extraction methods have been applied on beer, including; headspace solid-phase 
microextraction (HS-SPME), Chemical Ionisation, gas chromatography mass spectrometry (GC-
MS) flame ionization detector (FID), solvent-assisted flavor evaporation (SAFE), headspace 
sorptive extraction (HSSE), and stir bar sorptive extraction (SBSE). Each method has different 
advantages and disadvantages. Riu-Aumatell et. al Riu-Aumatell, Miró, Serra-Cayuela, 
Buxaderas, and López-Tamames (2014)used the HS-SPME method on seventeen Spanish 
commercial beers (1-4.5% ABV). From this analysis, a total of 59 compounds were detected. 
Comparing the high alcoholic (5%) to low alcoholic (1%) beers, the content of esters as well as 
alcohols and fatty acids were widely detected in the more alcoholic beers. The low alcoholic beers 
contained compounds that were produced from the Maillard reaction, terpenes derived from hops 
and some biotransformation compounds from hops. Linalool oxide, benzaldehyde, acetyl pyrrole 
and furanes were found in higher concentration in higher alcohol beers compared to low alcohol 
beers. The study suggested the difference in compound concentration between high and low 
alcohol beers could be due to the biotransformation of hop derived compounds due to yeast 





Headspace gas chromatography coupled to electron capture detection (HS–GC–ECD) has been 
previously compared to HS-SPME with GC-MS to analyse off-flavours in beers  (da Silva et al., 
2015). Beer off-flavours include 2,3-butanedione (diacetyl), isoamyl acetate, ethyl acetate and 
ethyl hexanoate. Fifteen Brazil commercial pilsner beers were analysed using this method. The 
results showed all off-flavours were detected below threshold across all beer samples. Both 
techniques demonstrated reproducible outcomes. This method is beneficial to the brewery industry 
to detect off-flavours in beer that could comprise consumer acceptability of beer (da Silva et al., 
2015).  
 
Murakami, Chicoye, and Goldstein (1987) analysed hopped and unhopped beers, pilot brewed, 
with 23 IBU by flame ionization detector (FID), flame photometric detector (FPD), and mass 
spectrometry (MS). The results showed significant differences between hopped and unhopped 
beers, where the FID method showed multiple peaks present in hopped beer does not present in 
unhopped beer. GC/MS detected 72 peaks in hopped beer, where the peaks ranged between large 
and small. The primary compounds detected were esters, which was expected because esters 
contribute highly to beer aroma flavour. However, several compounds that were most commonly 
found in beer such as linalool and humulene were not detected due to their low threshold. In 
conclusion, the study suggested that the technique adapted to analyse aroma compound between 
unhopped and hopped beers were robust and reproducible (Murakami et al., 1987).  
 
Lermusieau et al. (2001) analysed the hop compounds in three different types of beers using GC-
Olfactometry; beer without hops, beer with Saaz hop pellets (2.9% alpha acids) and, beer with 
Challenger hop pellets (6.25% alpha acids) with a hopping rate of 1.5g/L. Triangular sensory tests 
(n=12) with three replicates were conducted to evaluate whether differences were perceivable. 
Each session included comparison of 2 beers (unhopped vs Saaz; unhopped vs Challenger; Saaz 
vs Challenger). The session began with smelling through the headspace of the samples, as well as 
describing the aroma/flavour profiles, applying the triangular test, of the samples. The results 
showed that there were significant differences between the pairs of beers according to the 
triangular test. In detail, unhopped beer had a fruity and cider-like aroma profile, Saaz hops 




results showed 45 odour active compounds detected in unhopped beer, where some of these 
compounds were also detected in hopped beers. These compounds were expected as they are 
products of yeast metabolism; e.g. isoamyl acetate, phenylethyl acetate, ethyl butanoate, and more. 
Up to sixteen new aromas compounds were detected in the hopped beer but detected at lower 
flavour dilution factors (FD ≥ 16). Dimethyl disulphide (cheesy/glue odour) compound was 
present only in the Challenger hopped sample, phenyl acetic acid (lily/rose odour) present in 
unhopped and Saaz, linalool (coriander odour) was present in all hopped beers. However, Saaz 
was suggested to have high quality hops compared to Challenger hops, which produced 
undesirable sulfur rich hoppy aroma profile (Lermusieau, Bulens, & Collin, 2001).  
 
A recent study was conducted on beer with 4% ABV by Richter et al. (2017) compared four 
different methods of flavour extraction to investigate hop flavour in beer. The extraction methods 
included; stir bar sorptive extraction (SBSE), headspace sorptive extraction (HSSE), headspace 
solid-phase microextraction (HS-SPME) and, solvent-assisted flavour evaporation (SAFE) to 
evaluate the method best approach for beer flavour extraction. The pilot brewing used NZ Waimea 
hops for bittering, Nelson Sauvin hops for aroma and California Ale yeast (WLP001). 
The total number of compounds extracted from SBSE was 108 and HSSE was 106, followed by 
104 from SAFE and the least from HS-SPME, with 65 compounds detected. SAFE used 200 mL 
of beer samples, hence the reason for a relatively higher extraction compared to the other three 
methods. When grouping the compounds into their chemical groups, SAFE had a better extraction 
capacity for alcohols and ketones, but lower extraction for terpenes/sesquiterpenes, esters and 
aldehydes. This was because these compounds have a higher octanol-water distribution coefficient 
than dichloromethane, which was used as extraction solvent, which caused lower extraction. HS-
SPME showed the lowest extraction capacities for all six chemical groups but minimal extraction 
for acids and ketones. Esters and aldehyde were better extracted by HSSE but had poor extraction 
for acids and ketones. SBSE demonstrated best extraction in terpenes/sesquiterpenes followed by 
acids however it was least favourable towards ketones and alcohols. Since SAFE is more 
favourable towards acids and alcohols but showed lower extraction for esters and 
terpenes/sesquiterpenes, which are mostly from hop-derived compounds. SAFE was determined 
to be the least favourable method for studying hop flavour in beer. With 14 selected compounds 




SPME is well known for its VOC profile but had the lowest compound extraction. It was calculated 
to show 75% less than a total response compared to the other three methods applied. 
 
2.8 Summary  
Beer flavour is determined by a series of complex interactions involving malt, hops, water and yeast.  Hops 
contribute bitterness and a range of aroma and flavour characters in beer, such as floral, fruity and spicy 
notes. Hop flavour in beer is complex and still poorly understand, as it is affected by complex physical, 
chemical and biological changes that occur during brewing and fermentation. Yeast selection is an 
important factor as different yeast strains interact with hop flavours to determine the final flavour in beer. 
The nature of the changes that occur during fermentation and how yeast influence the overall perception of 
the hoppy flavour is not well characterised. Therefore, the objective is to investigate how different yeast 
strains alter the sensory perceptions in beer from the same wort using sensory and sorting task method and 
validating these compounds applying GC-MS method. Furthermore, to facilitate the brewing industry to 























 Brewing and Fermentation  
3.1.1 Materials  
The primary objective of this research was to investigate the sensory profiles of beer fermented 
with different yeast strains. Given that the products contained alcohol, conducting sensory 
analysis on biological replications would have meant having too high numbers of samples that 
could not feasibly be brewed and presented to the panel of assessors, or would have limited the 
number of yeast strains presented, thus reducing the effectiveness of the study. A recent study 
found biological replication under identical replication fermentation conditions showed 
minimal differences (Richter et al., 2017). This design generates a range of beer samples with 
different hop/beer flavours to investigate due to fermentation, but does not seek to definitively 
define the flavour profile of specific yeasts, which would necessitate replication. 
 
In order to determine the effect of different yeast strains on the beers a total of 12 beers were 
produced that contained identical wort composition and varied only in yeast strains. To make 
the beers a single batch of wort was made up and divided into 12 fermenters and incubated 
with one of the 12 yeast strains (Table 3.1 and Table 3.2). Once the number of cells per mL 
was determined the volume required for the pitching rate was then calculated. Firstly, malt was 
provided by Gladfield Malt (Canterbury, New Zealand). Hops used were Simcoe pellets 
(bittering hops, 12-14.5% alpha acids) provided by NZ Hops purchased from the Brewshop 
Limited (Hamilton, New Zealand) and Motueka (aroma hops, 6-8% alpha acids) pellets, 
provided direct from NZ Hops (Nelson, New Zealand).  
 
Yeast strains used were Safale US-05, Safale WB-06, Safale W-34/70 and Saflager S-23 were 
supplied by Brewshop Limited (Hamilton, New Zealand); California Ale WLP 001 and Safale 
BE-256 were supplied by Homebrew West (Auckland, New Zealand). VIN 13 Wine Yeast 
Hybrid and Anchor Exotic SPH Wine Yeast were supplied by Scott Laboratories (California, 
USA). OTA 29 and White Wine Yeast WLP730 were obtained from the University of Otago 
yeast collection, cultured from agar slopes and propagated according to the protocol described 
below. OTA 79 and American Ale II Wy 1272 were supplied The Emerson’s Brewing 
Company (Dunedin, New Zealand). Other ingredients including, lactic acid (water agent), 
calcium chloride (CaCl2) (water treatment agent), β-glucanase (enzyme), Koppafloc (kettle 
fining), Magicfood (yeast nutrient), and antifoaming agent were also provided by The 




Table 3.1 Yeast characteristics and pitching rates. 









SAFALE US-05 Fermentis 81% 18 - 28oC 1x107 
cells/mL 
Dry 




SAFALE WB-06 Fermentis 86% 18 - 24°C 1x107 
cells/mL 
Dry 
SAFLAGER   
W-34/70 
Fermentis 83% 12 – 15°C 1x107 
cells/mL 
Dry 
SAFLAGER S-23 Fermentis 82% 12 – 15°C 1x107 
cells/mL 
Dry 
VIN 13 WINE 
YEAST HYBRID 




























ALE WLP 001 

















ALE II WY 1272 






(Slurry Liquid)  
1All fermentation held at 20oC  
2Target pitch rate was 1 x 107 cells/mL.  




Table 3.2 Yeast strain origin 
Yeast Strain Species  
Safale US-05 S. cerevisiae  
Safale BE-256   S. cerevisiae 
Safale WB-06 S. cerevisiae 
Saflager W-34/70 S. pastorianus 
Saflager S-23 S. pastorianus 
VIN 13 Wine Yeast Hybrid S. cerevisiae hybrid 
Anchor Exotic SPH Wine Yeast S. cerevisiae 
Chardonnay White Wine Yeast WLP730 S. cerevisiae 
OTA 29 Champagne Yeast S. bayanus 
White Labs California Ale WLP 001 S. cerevisiae 
OTA 79 Not Specified 
American Ale II Wy 1272 S. cerevisiae 
 
3.1.2 Yeast Propagation (yeast preparation) 
Yeast propagation is achieved by healthy, clean, and adequate yeast growth which is required 
for pitching at 1 x 107 cells/mL in the 10 L fermenters. The transfer of cultures requires aseptic 
technique and sterile environment to prevent contamination of the culture. Additionally, the 
process requires enhancing yeast growth in a restricted environment with agitation and stirring.  
The yeast cultures were prepared depending on the yeast type (Table 3.1 and 3.2). 
 
a. Dry Yeast  
Dry yeasts (1 g) was mixed with filtered water (100 mL) (boiled and cooled to RT) and stirred 
for 10 min using a magnetic stirrer to hydrate. Cell viability (initial cell count) was estimated 
to determine the amount of yeast suspension required for 1 x 107 cell/mL (10 L ferment). For 
final pitching, dry yeast (11.5 g) was added to wort (10°P, 1000 mL) and incubated for 24 - 48 








b. Yeast Bank (Otago culture collection) 
Yeast cultures from the yeast bank stored on agar slopes required several propagation steps 
prior to pitching. Yeast on the agar slopes (from the yeast bank collection) was inoculated in a 
sterile (autoclaved) malt solution (10 mL) (10% w/v) using a sterile loop and incubated for 24 
hours at 20°C (process carried out in duplicates). In a 500 mL (schott bottle) the resulting yeast 
culture (two x 10 mL prepared yeast) was added to sterile (autoclaved) malt solution 10% (w/v) 
(180 mL) to make up to a 200 mL culture and propagated for 24 – 48 hours at 20°C. Prior to 
pitching, the yeasts were resuspended in a 5 L conical flask containing fresh sterile (autoclaved) 
and malt solution (10% w/v) (10°P, 2800 mL) was added to make up to 3000 mL starter culture. 
The starter culture was revived for 24 - 48 hours at 20°C on a magnetic stir bar.  
 
c. Commercial Slurry 
Fresh liquid yeast slurry (250 mL) was added straight into fresh wort (10°P, 1000 mL). Yeast 
slurry and wort was provided by The Emerson’s Brewing Company. The slurry was revived 
for 24 - 48 hours at 20°C on a magnetic stir bar prior to pitching. 
 
d. Commercial Yeast 
Yeast purchased commercially was directly added to fresh wort (10oP, 1000 mL). The wort 
was provided by Emerson’s Brewing Company. The commercial yeast was revived for 24 - 48 
hours at 20°C on a magnetic stir bar prior to pitching.  
 
3.1.3 Yeast pitching 
Propagated yeast cultures were centrifuged (3000 rpm for 10 mins at 20oC,) in 1 L bottles 
(Nalgene 3120-1000 Centrifuge bottle) and the supernatant discarded to recover the propagated 
yeast slurry. Each slurry was topped up with fresh wort (10oP, 200 mL) and agitated (200 rpm 
for 60 mins) to resuspend the yeast. The yeast number was calculated step wise by equation 
(shown below) and pitching rate estimated (Table 3.1) to determine the volume of yeast slurry 
required to achieve the target pitch rate 1 x 107 cells/mL in 10 L wort.  
 
𝑆𝑡𝑒𝑝 1: Target cells (million cells/mL) ÷ counted cells (million cells/mL)= X 
 





3.1.4 Yeast counting 
The propagated yeasts covered a series of dilutions to achieve the target pitch rate 1 x 107 
cells/mL in 10 L wort. The number of yeast cells were calculated using the Oculyze BB 1.0, 
with methylene blue (MB) as a stain. To this this a microscopic slide prepared and analysed 
under 400x magnification using the optical densities and image analysis to calculate cell 
concentration, budding cell value and culture viability. Results were easily assessed using the 
cloud platform, including images of viable and non-viable cells (Pfeil, Frohme, & Schulze, 
2018). For each sample the yeast samples were diluted with water, depending upon the cell 
density (For example 1:9 dilution, 1 mL yeast and 9 mL water were mixed). The diluted sample 
(1 mL) was then mixed with methylene blue stain (1:1 ratio) solution and rested for 30 seconds. 
The sample was loaded in the chamber opening using a Pasteur pipette the capillary forces then 
pulled the sample into the center of the chamber. A smart phone device was placed underneath 
the microscope then the chamber was placed between the microscope and clamped together. 
The light was turned on and the chamber was moved to the first preset mark. The image was 
focused, and a picture taken for analysis. This process was repeated for five pictures (each at 
preset marks on the counting chamber). Once all five pictures were taken the details of the 
dilution and samples were entered. The final analysis then showed the percentage of cell 
viability (90% and above) and concentration per mL (million cells/mL) (Russell & 
Kellershohn, 2018).  
 
3.1.5 Wort Production   
Wort was produced at The Emerson’s Brewing Company (Dunedin, New Zealand) with target 
parameters for original gravity (1.040), final gravity (1.010) and bitterness IBU (20) at an 
efficiency of 80%. Wort production started with adding the milled malt (194 kg) into a mash 
vessel along with hot water (582 L) to achieve a strike temperature of 50°C. β-Glucanase (100 
mL), CaCl2 (100 g) and lactic acid (150 mL) was added to the mash. The mashing method used 
was a Temperature Programmed Mash (TPM). Mash rest temperatures of 50oC (15 min), 67oC 
(45 min) were used to achieve saccharification with 75oC being used for mash out. This method 
optimised the activities of the different enzymes present to achieve the target fermentability 
profile. The sweet wort was recirculated through the grain bed for 15 min in the lauter tun to 
allow mash debris and proteins to settle in order to achieve clear wort. The pre-boil gravity and 




Antifoam (50 mL) and Simcoe hops (for bittering) (580 g) were added (20 IBU) to the wort 
which was boiled for 60 min. Prior (15 min) to the end of the boil, koppafloc (100 g) and 
magiFood (100 g) was added to reduce haziness in beer. At the end of the boil, Motueka hops 
(6000 g total; dose rate of 5 g/L) were added and steeped for 5 min. The wort was transferred 
into the whirlpool for 10 min to cool and to allow the trub to settle before the bitter wort was 
cooled using a heat exchanger set at 18oC. The wort was also oxygenated in-line using O2 at a 
flow rate of 50 L/min (pressure = 4 psi).  
 
3.1.6 Fermentation Process  
The 12 primary fermenters (12 L polyethylene fermenters; Speidel (Wellington, New Zealand), 
funnels and tap were all sanitized using Ethanol. The cooled wort (10 L, wort volume) were 
dispensed into the primary fermenter. The pre-pitching wort gravity was 1.041. Each fermenter 
was pitched with one of the 12 yeast strains according to the pitch rate outlined on Table 3.1 
with a target pitch rate of 1 x 107 cells/mL. For a 100 billion yeast cells (1 x 1011 cells) the 
yeast in the yeast starter (200 mL) went under final cell count using the Oculyze BB 1.0 to 
determine the amount of yeast suspension needed for a 10 L ferment (outline in section 3.1.4). 
Six of the twelve samples had lower pitch rates (range: 0.25 x 107 – 0.96 x 107 cells/mL) due 
to insufficient yeast growth during the propagation step. After pitching, the fermenters were 
incubated at 20°C for 9 days and was protected from light by wrapping in aluminum foil. This 
was to reduce the exposure of light on the fermenters to prevent external factors affecting the 
fermentation process. Fermentation progress overtime was monitored by aseptically taking out 
beer samples (30 mL) to estimate for gravity (densitometer), pH, yeast numbers in suspension 
(hemocytometer), and refractive index (apparent °Brix readings corrected for alcohol 
concentration). Fermentation was considered complete once the last two density/refractive 
index readings were constant. The fermenters were then transferred to a 4oC temperature-
controlled room for further 3 days for cold conditioning prior to bottling and carbonation. 
 
3.1.7 Bottling and Conditioning  
Prior to filling bottles (330 ml) and caps were sanitized using Starsan (300 ppm phosphoric 
acid). The beer was carbonated using the sugar priming solution (50% w/v). The priming 
solution is normally a hydrolyzed sucrose (invert sugar) and is useful for secondary 
fermentation for further maturation and carbonation flowed by fining and clarification (Lewis 




(200 mL), heated on a hotplate with a sterilized magnetic stir bar and boiled for 10 min. The 
amount dispensed (sugar solution) was calculated using a beer priming calculator (Brewers 
Friend, 2013) to achieve a carbonation level of 2.0 CO2 volumes, which equated to 3 mL 
dispensed using a sterile syringe (1.5 g sucrose). The bottles were capped using a manual crown 
capper, labelled and held in a 20°C incubator for 2 weeks for carbonation, followed by 9 days 
at 4°C for clarification and conditioning. 
 
3.1.8 Beer measurement & Parameters  
a. Density & Refactor Measurement 
 
Density readings were obtained using a portable density meter: (DMA™ 35, Anton Paar), 
(Graz, Austria). The initial readings were taken 12 hours after pitching, then every 24 hours 
until 2-3 readings showed consistent values (day 8s & 9). To measure the density, beer samples 
(35 mL) were taken from the fermenters and centrifuged (3000 rpm for 3 min at 20oC and the 
supernatant retained for testing). The density meter was cleansed with water and the density of 
the centrifuged sample was estimated. Refractive index measurements of wort samples were 
taken during brewing and fermentation using a handheld refractometer meter (0-32°Brix): 
(Hand Refractometer Model RHB-32ATC, Schmidt and Haensch GmbH & Co, Berlin, 
Germany). For this analysis, 2 drops of the centrifuged samples were directly added to prism 
of the meter and allowed to rest for 30 seconds. The readings were obtained by looking through 
the eye piece, which showed a clear line indicating the sample measurements (Palmer, 2017). 
Corrected gravity readings were determined using an online calculator to correct for the effect 
of alcohol on the refractive index (Friend, 2013). 
 
b. Yeast Counting (during fermentation)  
 
Yeast numbers were determined from the fermenters till the end of fermentation stage (day 9) 
using a hemocytometer and light microscope (400 x magnification). The first yeast count was 
taken 16 hours after pitching then 24 hours after that up until the fermentation was determined 
to be complete (day 9). Beer samples (30 mL) were taken from the fermenters and a 1 mL of 
beer was diluted with 1 mL of methylene blue stain. The cell suspension (0.2 µL) was pipetted 
onto the edge of the cover slip on the hemocytometer to ensure diffusion into the counting 




to count the number of viable cells (unstained). Samples were further diluted, if required, in 
order to get accurate counts.  
 
The total number of yeast cell calculation were estimated by counting 5 of the 25 squares in a 
hemocytometer chamber, E section, under microscope light (400 x magnification). The 
numbers obtained were then multiplied by 5 to get an estimate of the cells in 25 cell squares. 
This value was multiplied by 10,000 to obtain the cell numbers in 1 mL (each chamber square 
was 1 mm2 with a depth of 0.1 mm equivalent to 1/10,000 of a cm3 in volume). The number 
obtained was then multiplied by the dilution factor (APPENDIX 3.1) to calculate the total 
number of yeast cell in that suspension per m.  
 
c. Colour Measurement  
 
Beer colour (EBC) was determined using a standard method (Method 8.5: Colour of Wort: 
Spectrophotometric Method (IM)) (Hagen & Schwarz, 2000). Samples were prepared by 
filtering the beer through a membrane filter, pore size, 0.45 micron. The spectrophotometer 
was set to wavelength 430 nm ± 0.5 nm and was calibrated with deionized water in a 10 mm 
cuvette by setting this to zero. The cuvette was then rinsed and filled with filtered beer sample 
(3.5 mL approx.) and the absorbance was measured and recorded. All samples were measured 
in triplicate. Beer samples were undiluted and to calculate the absorbance the following 
equation was used: 
 
Absorbance at 430 nm * 50 = colour (EBC Units) 
 
d. Bitterness Measurement 
 
The Analytica EBC 9.8 method was used to measure the bitterness of the beer samples (IBU) 
once the conditioning stage was completed (Analytica‐EBC, 1998). Samples of the finished 
beer were compared against a sample reference (Steinlager Pure, 330 mL) for consistency. The 
reference sample, as well as the beer samples, were degassed at 20oC through a coffee filter 
and 10 mL was pipetted into a 35 mL centrifuge tube (Schott Duran) along with 0.5 mL 6M 
HCl, 3 glass balls and, 2,2,4-trimethylpentane (iso-octane; HPLC Grade) (20 mL). Samples 




iso-octane layer was removed, and absorbance measured at 275 nm in a 10 mm quartz cuvette. 
Bitterness (IBU) was determined using the following equation: 
 





 Characterisation of beer samples by Sorting Task methodology 
A sorting task methodology was selected to evaluate the sensory profile of the beer samples 
fermented with different yeast strains as a rapid method that could include both trained sensory 
assessors and brewing professionals.  
 
 Ethics and panelists 
Ethics was approved by the University of Otago Ethics Committee prior to the study 
commencing (18/154) (Appendix 3.2). Panelists (n = 14) took part in the sorting task to 
determine the impact of yeast strain on the sensory characteristics of the beer samples. Three 
separate groups were recruited: one using the existing trained sensory panel (n=8; who were 
UoO employees) and one using the brewing professionals / expert beer tasters (n=4; who were 
Emerson Brewery employees) and volunteers (n=2). Panelists participated in 4 sessions of 2 
hours, each conducted on separate days.  
 
 Recruitment and training of sorting task panel 
In session one a familiarisation and training session was carried out, where the panelists 
performed three tasks. Panelists were initially given a consent form to sign and were then 
presented with a lexicon of beer sensory attributes and relevant attribute terms to help them 
identify terms for beer; aroma, appearance, flavour, mouthfeel and overall appearance.  
The first task was a Taste Identification Test, which consisted of five sample solutions (sugar, 
citric acid, caffeine, salt and alum) which represented the basic taste sensation (sweet, sour, 
bitter, salty, and astringent, respectively). The samples (40 mL) were presented in plastic cups, 
coded with a three-digit number and presented in a balanced order according to a Williams 
Latin Square design. The panelist was asked to take a sip from the sample, and tasted from left 
to right, hold the solution in mouth for 10 seconds and swallow and record the taste. The palate 
was cleansed between the samples using water, carrots and/or crackers. At the end of the task 
accuracy of the Taste Identification Test was assessed and discussed with the panelist 
(Appendix 3.3). 
 
The second task was a descriptive test where four beer samples (Saflager W-34/70 paired with 
OTA 79 and BE-256 paired VIN 13 (40 mL), which were selected from the twelve beers to 




with three-digit numbers and were presented in the same order to all panelists. The panelists 
were required to taste the samples, from left to right, and comment on the aroma, appearance, 
flavour, mouthfeel and overall impression of the difference between the two samples. This was 
then repeated for pair two (Appendix 3.4).  
 
The third task of session one was a mock sorting task which included six of the twelve beer 
samples (Safale BE-256, Safale WB-06, Saflager W-34/70, VIN 13 Wine Yeast hybrid, 
WLP001 California Ale Yeast and OTA 79) to familiarise the panels with the sorting task 
methodology. The samples were coded with three-digit numbers and presented in balanced 
order according to a Williams Latin Square design.  This design helped to randomise samples 
in a balanced form where each assessor gets an equal frequency of the samples. Panelists were 
instructed to smell and taste each sample once in the presented order in their own time. They 
were instructed to then sort the samples into groups based on their personal perceptions of the 
sensory attributes (e.g. odour, flavour, taste) that discriminated the samples from each other. 
Panelists were allowed to re-taste the samples as many times as required and, in any order, to 
make their decisions. Panelists were free to make as many groups as they wanted (minimum of 
2 groups and maximum of 11 groups) and to put as many beers as they wanted in each group 
(Niimi, Overington, Silcock, Bremer, & Delahunty, 2016). Rinsing (water) was allowed 
between samples and dry crackers and carrots were supplied as palate cleansers. Panelists were 
then asked to provide a list of attributes that distinguished each of the groups. The data was 
captured using an electronic tablet (iPad Air 2s) running Compusense Cloud® five v5.2 
(www.compusense.com). The maximum alcohol consumption for the first session was 
equivalent to approximately 1.50 standard drinks.  
 
 Evaluation sessions 
For sessions two, three and four were evaluation sessions, where all 12 beer samples were 
evaluated each of the three 2-hour sessions (i.e. sorting of 12 samples x 40 mL in each session) 
using the sorting task methodology. The sample presentation order for each panelist was 
randomised and balanced using a modified Williams Latin Square design to avoid order effects. 
All beer samples for evaluation were served at 10C  2C. All the evaluations were conducted 
in a room with controlled air conditioning and lighting to ensure unbiased responses. The data 
was captured using Compusense Cloud. The panels were instructed to taste and smell the 




similarity of sensory attributes. The panels could sort the samples into as many groups as they 
preferred, but the required minimum was to have 2 groups with a maximum of 11 groups. A 
group could contain as many samples as preferred and the panels could use any criteria (sensory 
attributes) they wanted to sort the samples. In order to sort the samples, panelists used the 
electronic tablet provided with the questionnaire loaded, to place the sample’s 3-digit code into 
a box and to add as many samples belonging to the group that shared the similar sensory 
characteristics. A unique name was given for each group (sensory characteristic), using the 
beer lexicon as attribute reference, and each sample could only belong to one group (Appendix 
3.5). A note page was provided for panels to write individual description/notes on each sample 
(Appendix 3.5). Crackers, carrots and water were provided between samples to cleanse the 
palate. Maximum alcohol consumption for a panelist at each evaluation session was equivalent 
to approximately 1.50 standard drinks.  
 
 Data Analysis  
The sorting task data of panels (n=14), replicates (n=3) and samples (n=12) were recorded on 
Compusense Cloud then imported into RStudio Version 3.5.3. The data was analysed using the 
Factorial Approach for Sorting Task data (FAST) via SensoMineR package, which is based on 
the multiple correspondence analysis for individual groupings of the samples (Appendix 3.7). 
A contingency table is also generated to outline the consensual terms by sample that gave a 
frequency of each term used by the panellists. A co-occurrences matrix table was generated to 
show the frequency of the number of times each beer samples were place together. Cadoret, 
Lê, and Pagès (2009) used the FAST analysis using a mathematical approach. Furthermore, 
FAST analysis approach represented the beers which was supplemented by the attributes 
generated by the panels. The distinct words were selected by the most distant words from the 
origin and was superimposed with the beer samples associated to it (Cadoret et al.; Husson, 





3.3 Analysis of volatile organic compounds (VOCs) in beer using headspace solid-phase 
microextraction (HS-SPME) and gas chromatography mass spectrometry (GC-MS) 
Analysis of volatile organic compounds was conducted by GC-MS in order to explore the 
relationships with sensory perception and support the results of the sorting task.  
 
3.3.1 Materials and Experimental Design 
Numerous volatile organic compounds (VOCs) contribute to the finished beer characteristics. 
For this analysis, the hop-derived and fermentation-derived compounds in beer were measured 
using gas chromatography mass spectrometry (GC/MS) coupled with headspace solid-phase 
microextraction (HS-SPME). The analysis helped to provide insights into the beer flavour 
profile produced during fermentation by the different yeast strains. Previous studies suggested 
that these yeast strains, when measured using GC/MS, produced different levels of volatile 
compound profiles due to differences in biotransformation of hop derived compounds Richter 
et al. (2017) 
 
The sampling parameters for HS-SPME are shown in Table 3.3. Beer samples (8 mL) were 
mixed with 30% analytical grade sodium chloride (NaCl; BDH Laboratory Supplies, England) 
(2.5 g) in 20 mL headspace vials and tightly capped with magnetic screw caps with PTFE lined 
silicon septa (18 mm Magnetic Cap with Blue PTFE/White Silicone 1.5 mm (.060") thick). 
Blank samples were prepared in separate vials with Milli Q water (8 mL) and NaCl (2.5 g). 
Samples were incubated with agitation for 5 mins, followed by SPME extraction for 30 mins 
at 40oC using a multipurpose sampler (MPS, Gerstel) and analysed using the Agilent 6890N 
GC system connected to an Agilent MSD 5975 VL. Helium gas was used as gas carrier with a 
flow rate of 1.0 mL/min and the column size (60 m × 0.32 mm inner diameter × 0.5 μm film 
thickness; Phenomenex). The oven parameters were the initial temperature at 50oC for 5 mins 
then heating at a rate of 5 oC /min to reach the target, 210 oC, followed by 10 oC /min to reach 
240 oC (thermal desorption mode) and held for 5 mins at splitless mode. Mass ions were 
measured between 29-300 m/z individually via Electron Ionisation (EI mode at 70 eV. The ion 
source temperatures of mass ion traps were sustained at 230 oC. Analysis for the samples (n=12) 
and blanks (n=4) were performed in quadruplicate. Sample analysis order was randomised and 






Table 3.3 HS-SPME sampling parameters 
Fiber Type DVB/CAR/PDMS-coated fiber (1 cm, 40 µm) 
Incubation Time 5 mins + agitation  
Extraction Time & Temperature  40oC for 30 mins  
Sample Preparation  8 mL beer + 30% NaCl (2.5 g), in 20 mL Vials  
Septa Crew PTFE - coated silica 
Static Headspace Exposure Time  30 mins 
Thermal desorption Mode 240oC for 5 min (Splitless) 
 
3.3.2 Data Analysis  
Raw GC-MS data was processed using PARAFAC2 based Deconvolution and Identification 
System (PARADISe) software v. 3.87. PARADISe converts the raw data in the form of a 
netCDF data file into a peak table (Johnsen, Skou, Khakimov, & Bro, 2017). This software 
allows peaks to be deconvoluted, retention time shifted, low signal-to-noise (S/N) ratio for 
peaks of all samples at a given retention time, and is able to handle overlapping signals, and 
produces lower signal-to-noise peaks within a given time frame regardless of the number of 
samples (Skov & Bro, 2008).PARADISe runs peak identification based on deconvoluted mass 
spectra applying integrated search engine, and greatest peak identification report. The search 
engine used is National Institute of Standards and Technology (NIST 2014) database.  
 
Retention Indices (RIs) were calculated using a C9–C30 n-alkane series. VOCs were regarded 
as “unknown” if the mass spectra did not match the RI. The statistical analysis of the data was 
carried out using one-way Analysis of Variance (ANOVA) with a level of confidence of 95%, 
and further analysis was conducted, and data was mean-centered for each VOC analysed. The 
data was then transported to R-Studio and using FactoMineR package in the (Appendix 3.9). 
An average of the 4 replicates was calculated for each compound that significant (p<0.05) 
discriminate the 12 beers. These compounds were analysed by Principal Component Analysis 
(PCA) illustrating the sample variation, compound distribution as well as sample and 


















4.1 Brewing  
4.1.1 Evaluation of different yeast strains on beer parameters  
The original and final gravity met the expectation compared with bitterness and colour (Table 
4.1). The average bitterness was targeted at 20 IBU however the measured bitterness was 30.30 
± 3.60 IBU. This is possibly due to the contribution of the late hopping regime. There were 
significant differences between finished beers fermented with different yeast strains. When 
assessing the bitterness of the beers individually (Table 4.2) the highest bitterness was analysed 
for beer sample W-34-70 (37.70 IBU) and the lowest bitterness was WLP 001 (21.65 IBU). 
The range of these IBU levels is dependent on the yeast strain and the fermentation conditions. 
Firstly, W-34-70 originates from Saccharomyces pastorianus species (Table 3.1) and is ideally 
fermented between 12 - 15oC for lager beer styles. WLP 001 on the other hand is a S. cerevisiae 
and is ideally fermented between 20 - 23°C to produce ale beer styles. Since the fermentation 
was held at 20°C which is suitable for ale yeast but not larger yeast therefore, with the high 
level of IBU measured for W-34-70 could be explained by fermenting this sample outside its 
ideal temperature. As explained by Verhagen (2010) the bitterness level is determined by the 
isomerization of cohumulone (conversion of α-acids to iso- α- acids). When not isomerised to 
the expected level the bitterness is affected (Verhagen, 2010). Generally, the bitterness level 
was expected to vary across all beer samples due to a selection of yeast strain and utilising the 
same bittering hop (Simcoe). 
 
However the chemistry aspects of brewing is a factor to the varying IBU levels such as the rate 
of the solubility of iso-alpha-acids (residuals during fermentation) (Intelmann, Haseleu, & 
Hofmann, 2009). Overall, when looking at ale and lager ferments collectively from Table 4.2 
ale yeast bitterness ranged between 21.65 IBU and 34.85 IBU and lager yeast ranged between 
25.68 IBU and 37.70. The colour of the malt reflects upon the final beer colour based on the 
scale, European Brewing Convention (EBC). The target colour was 7.7 EBC however the total 
average of measured colour was 2.02 ± 0.85. The measured values are much lower than the 
target value. Analysing the alcohol by volume (ABV) measurement the highest alcohol content 
was measured in wheat beer WB06 (5.10%) and the lowest alcohol content was measured in 
champagne yeast OTA 29 (3.93%). WB-06 is an ale yeast which produces wheat-beer styles. 
This yeast strain, as explained earlier, is suitable to ferment between 20 - 23°C, and since all 




Whereas for OTA 29 categorising into the lager style beers the fermentation temperature was 
not suitable for this yeast strain therefore a lower alcohol percentage was measured.  
 
 Table 4.1 Target and measured parameters for the for the twelve beer samples 
Parameter Target Value* Measured Value* 
Original Gravity 1.040 1.040 
Final Gravity 1.010 1.010± 0.003 
Bitterness (IBU) 20 30.30 ± 3.60 
Colour (EBC) 7.7 2.02 ± 0.85 






Table 4.2 Final concentrations of Density, Alcohol by Volume (ABV) (%), Bitterness 





GRAVITY    
ABV % PH BITTERNESS (IBU) COLOUR (EBC) 
US-05 1.006 5.08 4.05 30.40 ± 0.70 2.15 ± 0.05 
BE-256 1.006 4.97 4.07 22.88 ± 0.15 2.28 ± 0.01 
WB-06 1.005 5.10 4.13 34.73 ± 0.13 2.00 ± 0.29 
W-34/70 1.007 4.98 4.11 37.70 ± 0.80 1.78 ± 0.03 
S-23 1.007 4.86 4.06 35.80 ± 0.05 2.00 ± 0.06 
VIN 13 1.013 3.99 4.06 28.68 ± 0.13 2.25 ± 0.01 
EXOTIC 1.013 4.13 4.04 33.33 ± 0.23 2.05 ± 0.04 
WLP730 1.013 4.96 4.07 30.45 ± 0.05 2.20 ± 0.05 
OTA 29 1.013 3.93 4.03 25.68 ± 0.08 2.15 ± 0.02 
WLP001 1.006 4.13 4.05 21.65 ± 1.75 2.28 ± 0.06 
OTA 79 1.009 4.64 4.03 34.85 ± 0.10 1.10 ± 0.38 




The analysis clearly shows that lager beers had the lowest alcohol percentage and the ale beers 
produced higher alcohol percentage beers. Final gravity is measured to determine the” density 
measurement relative to the density of the water” (Mosher & Trantham, 2016). Water is known 
to have a final gravity of 1.000 g/ ml and original gravity of 1.085 g/ ml and these density 
measurements dictates the amount of fermentable sugars that can dissolve in water. The final 
gravity of beer samples was measured, and the lowest gravity was WB-06 (1.005) and the 
highest was Exotic and WLP 730 collectively at 1.013. The final gravity primarily indicates 
the attenuation capability of the beer. Oxygen also plays are role in determining the final gravity 
value and must be closely monitored during fermentation (Lewis & Young, 2012). Such that a 
typical wort original gravity at 1.040 contains approximately 6ppm of dissolved oxygen at 
20°C.  
 
4.1.2 Effect of yeast strains on fermentation profiles  
The duration of primary fermentation was 8 days (approx.) for all 12 beers, and during this 
time the beer samples were closely monitored, and parameters were measured. Yeast cell 
viability count (Figure 3.1a) shows an increase in growth at constant temperature (20°C) over 
185 hours. The yeast numbers increased up until day four of fermentation (83 hours) thereafter, 
a steady decline was measured, following the peak fermentation rate.  
 
The initial pH measurement (Figure 3.1b), at day zero was 5.40 (before yeast pitching) and a 
dramatic drop at day two ranging between 4.41 (OTA 79) and 4.99 (US-05). A slight increase 
in pH was measured at day three where the pH was ranged between 4.39 (OTA 79) and 4.82 
(W-34/70). Towards the end of fermentation, the pH reached similar levels for all samples, 
ranging between 4.00 (Wy1272) and 4.13 (WB-06). Overall, the beer samples behaved 
similarly for pH analysis and the decline in pH is explained by the reduction of ammonium 
ions and consumption of amino acids while the yeast produce organic acids. Generally, the 
yeast is known to behave different as each strain have their own way of metabolising sugars 
during fermentation, however for this purpose of the study all yeast strain performed in a 
similar fashion.   
 
Density measures the mass of the beer sample (3.1c) and was measured during the fermentation 
process. By 40 hours all the yeast strains behaved similarly and towards the end of fermentation 




Gravity was measured to determine the amount of unfermented sugars remaining in the beer. 
Overall, gravity profile declined overtime as the yeast grows and sugars are consumed and 
ethanol production increases (Lewis & Young, 2012). From this behaviour it is clearly seen 
that all yeast behaved similarly according under given fermentation parameters. A drastic drop 
in sample WLP 730 was observed in day 2 which may be due to error in sample collection 






































































Figure 4.1 (a-d) shows (a) yeast cell viability, (b) pH, (c) density, (d) gravity of beer sample 


































































Figure 4.1 (continued) (a-d) shows (a) yeast cell viability, (b) pH, (c) density, (d) gravity 





The completion of fermentation for yeast strains at the same time meant the yeast were able to 
produce ethanol, consume sugars, reduce pH, reduce gravity and produce a range of flavour 
compounds during yeast growth and fermentation of beer. The measured parameters during 
brewing and fermentation successfully showed all yeast strains performed accordingly without 
having any effect on the overall fermentation performance. Taking the yeast characteristics and 
metabolism behaviour into consideration, the fermentation profile has confirmed that yeasts 
can still be fermented at same temperatures without affecting the microbiological and stability 
of beer. The bitterness measurement was out of range and this could have been due to various 
reasons such as selection of yeast strain and fermentation temperature. This bitterness level 
was an analytical measure and not generally means the beer samples with higher IBU level will 
perceive bitter and astringent. The perception of beer flavour, judged by sensory panels will be 






4.2 Characterisation of beer samples by Sorting Task methodology  
In order to evaluate the impact of the 12 different yeast strains on the sensory properties of the 
resulting 12 beers a sorting task was carried out, whereby the beers were sorted into groups 
based on their similarity of odour/aroma/flavour profiles by 14 panelists (trained panels, 
volunteers and beer experts). Panelists were also asked to describe the different groups they 
had sorted the beers into in terms of their odour/aroma/flavour profiles and from this data a 
total frequency list of attributes was generated. The sorting task was repeated three times in 
three separate sessions and was characterised with the Factorial Approach for Sorting Task data 
(FAST) also Word-Count based methods Analysis (WordCountAna). These methods of 
analysis provided a similarity co-occurrence matrix, Multiple Correspondence Analysis 
(MCA) plots of beer samples, MCA plot of list of attributes generated by panelists and an MCA 
plot of consensual words. Additionally, the analysis allowed the performance of panelist 
carrying out sorting to be assessed. 
 
 Representations of beer groups 
The panelists created between 3 and 10 beer groups as shown in Figure 4.2, when performing 
the sorting task. Panelists most frequently made 4 groups of the 12 beer samples (10/42), 
followed by 6 groups, then 5 groups. The groups most frequently represented only 1 to 2 beers 







Figure 4.2. a) Frequency of the number of groups formed by the panelists during the free sorting task (14 panellists x 3 reps) b) 









































 Evaluation of list of attributes generated by panelists 
During the grouping exercise, a total of 90 attributes were generated by the panelists. After 
very similar terms were consolidated or attributes with only one instance were removed, the 
refined list of attributes was reduced to 46 (Table 4.3). The most common descriptor used to 
describe beer was hoppy, followed by fruity and sulphury with 75, 55 and 49 instances, 
respectively. Hoppy flavour was most used with beer sample 34/70 and least with S-23. This 
was an interesting outcome, as based on their yeast strain data sheets, 34/70 typically produces 
a fruity and floral flavour profile and S-23 produces an estery and fruity flavour profile 
(Fermentis, 2017a, 2017b). Fruity was the most frequently used attribute to describe Wy-1272 
and this data corresponded well with its data sheet description  (Wyeast Laboratories, 2019) 
where it was described as commonly producing fruity flavour notes. The least fruity beer 
sample was Exotic (Anchor Oenology, 2018), which is a yeast used for wine making, 
particularly red wine. Therefore, the flavour generally produced by the Exotic yeast strain 
complements with intense aroma, and full body, typically used in production for making Syrah, 
Merlot and Pinotage red wines. 
 
The third most frequently used attribute was sulphury which was used to describe beer samples 
OTA 79 and Wy-1272. Yeast strain OTA 79 is known to produce a sulphury flavour note, 
however as this is a brewing company specific yeast strain there is limited literature on its 
flavour profile.  Despite Wy-1272 being reported to produce hoppy and fruity flavour notes, 
panelists described it as sulphury. Bitterness and citrusy attributes were the fourth equal most 
frequently used attributes. Bitterness is one of the most common beer attributes owing to the 
addition of bittering hops with high levels of α-acids. Though in this experiment standardized 
wort (same base recipe) was used for all fermentations, so any variation in bittering intensity 
is likely due to the influence of the yeast. Bitter was most commonly used to describe the beer 
made with WLP 001 and least frequently described by beer sample WB-06, which showed zero 
frequency based on panelist terms. Assessing the rest of the beer samples individually: US-05 
was regarded as hoppy, BE-256 as citrusy, WB-06 as estery, S-23 as citrusy based on the 
contingency table of attribute frequency. VIN 13 was considered hoppy, citrusy and sour, 
Exotic as green/grassy and spicy, WLP 730 as spicy, OTA 29 as hoppy. Several terms that are 










WB-06 34/70 S23 VIN 13 EXOTIC WLP 730 OTA 29 WLP001 OTA 79 WY-1272 SCORE 
1 Hoppy 7 6 2 12 3 6 4 3 8 6 11 7 75 
2 Fruity 5 3 3 7 6 3 2 5 5 3 5 8 55 
3 Sulphury 4 4 3 2 5 5 2 1 2 1 10 10 49 
4 Citrus 5 8 0 1 7 6 2 1 2 9 2 4 47 
5 Bitter 3 4 2 7 6 1 2 3 1 8 5 5 47 
6 Floral 6 1 5 2 3 4 4 3 6 4 2 3 43 
7 Malty 2 6 2 7 5 0 5 3 1 2 1 2 36 
8 Green/ 
Grassy 
1 2 2 3 4 0 6 2 7 3 0 5 35 
9 Sweet 5 3 5 0 3 4 2 1 3 2 2 1 31 
10 Honey 4 2 2 2 6 4 1 1 1 3 1 3 30 
11 Spicy 1 0 4 0 2 1 6 9 2 3 2 0 30 
12 Phenolic 2 1 4 1 2 2 4 5 4 1 1 0 27 
13 Sour 0 1 3 4 0 6 2 3 0 2 2 4 27 
14 Estery 3 0 6 0 1 0 2 4 2 3 0 2 23 
15 Woody 2 1 1 0 2 1 2 1 4 3 1 2 20 
16 Acidic 2 1 3 3 1 1 1 2 0 2 0 1 17 
17 Lemony 0 1 1 4 1 4 0 3 0 0 1 2 17 
18 Solvent-like 3 2 2 2 0 1 0 1 1 2 2 0 16 
19 Yeasty 2 1 3 1 0 2 2 0 1 0 4 0 16 
20 Creamy 2 0 1 0 0 0 3 1 2 2 2 1 14 
21 Caramel 2 2 0 0 0 3 1 0 2 2 2 0 14 
22 Light 1 3 0 1 2 2 0 2 0 0 0 2 13 
23 Banana 3 0 1 0 0 0 3 0 2 2 1 1 13 
24 Wine-like 2 2 0 1 0 2 0 0 2 0 1 2 12 
25 Alcoholic 1 0 1 3 1 0 1 1 1 2 1 0 12 
26 Resinous 0 2 0 2 1 0 0 1 1 3 2 0 12 









WB-06 34/70 S23 VIN 13 EXOTIC WLP 730 OTA 29 WLP001 OTA 79 WY-1272 SCORE 
27 Soapy 1 0 0 0 1 3 1 1 2 1 0 1 11 
28 Apple/Pear 1 1 1 0 2 3 0 1 1 0 0 1 11 
29 Tropical Fruit 1 2 0 1 2 2 0 0 2 1 0 0 11 
30 Fragrant 0 0 2 1 0 0 0 2 2 1 1 1 10 
31 Flat  0 2 0 1 3 0 2 0 1 0 1 0 10 
32 Cooked 
vegetables 
1 3 1 1 0 0 1 1 0 1 1 0 10 
33 Astringent 0 1 1 0 0 0 0 3 0 4 0 0 9 
34 Characterless 0 2 0 1 2 1 1 0 1 0 0 1 9 
35 Rancid 1 2 1 1 0 1 2 0 0 0 0 0 8 
36 Straw-like 1 0 1 2 1 0 0 1 0 0 1 1 8 
37 Metallic 1 0 0 0 0 1 0 1 0 1 0 3 7 
38 Musty 1 2 0 0 0 0 0 0 1 0 2 1 7 
39 Body 0 0 1 0 0 0 1 1 1 1 0 0 5 
40 Perfume 1 2 0 1 0 0 0 1 0 0 0 0 5 
41 Stale 0 0 1 0 0 2 0 0 0 0 2 0 5 
42 Peppery 0 0 0 1 0 1 0 1 0 0 0 1 4 
43 Watery 0 0 0 1 1 0 1 0 0 0 0 1 4 
44 Smooth 0 0 0 0 0 1 1 0 1 0 0 0 3 
45 Burnt 0 0 1 0 0 1 0 0 0 0 0 0 2 




 Multiple Correspondence Analysis including Sorting Task data set 
using FAST analysis 
MCA projections for beer samples and beer descriptions were generated using the FAST 
analysis approach (Cadoret et al., 2009; Chollet et al., 2011; Lelièvre et al., 2008). This 
approach describes the distance between two beers based on the co-occurrence matrix is shown 
in Table 4.4 where the columns represent beers and the rows represents the number of times 
panelists put the beers together. The MCA projections and co-occurrence similarity matrix 
describe the set of samples due to their similarities according to their odour/aroma/flavour 
characteristics. In general, the number of times at which beers were put together reflects how 
similar the beers were. The matrix is believed to show the proximity of the beer’s similarity or 
the perceived similarity.  
 
The FAST approach analysis was conducted on beers and attributes to explore the associations 
within a set of variables and to assess the sample similarities and dissimilarities based on the 
beer flavour profile. The behaviour on these projections were explained by differences in aroma 
and flavour perception of the beers. The MCA plots for the first two dimensions (Figure 4.3a) 
show the separations of the 12 beer samples on Factor 1 (F1) and Factor 2 (F2) and explain 
24.92% of the variation in the data. The panelists generated a list of attributes in the sorting 
task that best described each group of beers based on their beer flavour profile. These attributes 
are displayed in the corresponding MCA plot (Figure 4.3b) assist in the explanation of the 
similarities and differences between 12 beers. Beers that were placed into the same group meant 
they shared common flavour profiles and the beers placed on a more distant platform had a 
distinct flavour profile.  
 
The MCA of the sorting task data explained the variability in beer samples (n=12) and 
consensual beer description (n=39). F1 and F2 represented 13.40% and 11.52% of the variation 
in the data. Figure 4.3a presents projection of all beer samples on F1 and F2 and Figure 4.3b 
presents consensual beer descriptions on F1 and F2. It is shown that F1 is best described by 
BE-256 and the main contribution descriptions to F1 were characterless, tropical fruity, wine-
like and musty. From the yeast strain data sheet for BE-256, this strain commonly produces 
different beer styles with a high alcoholic content suggesting that its flavour profile was not 
that specific (Fermentis, 2016). To a lesser extent, the negative side of F1 represented beer 
sample WB-06 (Wheat Beer) and the corresponding attributes were spicy and astringent. 




beer sample WB-06 along with second highest phenolic score and this relates to WB-06 yeast 






Figure 4.3 Separation of 12 beer samples and attributes generated by the panelists on the 
MCA plot using FAST approach on a) Factor 1 and 2 of beer samples and b) Factor 1 and 
Factor 2 of beer attributes, c) Factor 1 and 3 of beer samples and d) Factor 1 and 3 of beer 
attributes. Samples were sorted into their similarities in flavour profiles and beer attributes 





Figure 4.3 (continued) Separation of 12 beer samples and attributes generated by the 
panelists on the MCA plot using FAST approach on a) Factor 1 and 2 of beer samples 
and b) Factor 1 and Factor 2 of beer attributes, c) Factor 1 and 3 of beer samples and d) 
Factor 1 and 3 of beer attributes. Samples were sorted into their similarities in flavour 






BE-256 beer was grouped with Wy-1272 and S-23 beers which contribute to the series of 
flavour profile; characterless, tropical fruity wine-like and musty, on F1 positive projection. 
This data corresponds well with the co-occurrence matrix (Table 4.4) as BE-256 beer was 
placed with S-23 beer eleven times and ten times with Wy-1272 beer. The grouping of these 
samples show they share similarities among their beer flavour profile. BE-256 yeast is an ale 
yeast and S-23 yeast is a lager yeast. BE-256 yeast is used to produce a variety of beer styles 
at different brewing temperatures and S-23 yeast produces floral and fruity notes (Fermentis, 
2016)), (Fermentis, 2017)). Regardless of the fermentation temperature for S-23 yeast the final 
beer attributes were described by panelists as fruity, bitter and honey (Table 4.3)  
 
Beer samples OTA 79, 34-70 (Lager yeast) and US-05 (Ale yeast) were grouped closely 
together located on the positive side of F1. The OTA 79 beer was placed together 10 times with 
34-70 and US-05 was placed together 11 times with 34-70 based on the co-occurrence matrix. 
The common sensory attributes used to describe OTA 79, 34-70 and US-05 samples were 
resinous, bitter, fruity, malty and solvent-like. Vin 13 BEER (Wine yeast) was located 
independently on the positive F1 projection corresponding to a burnt attribute. However, the 
yeast strain data sheet (Oenobrands, 2019) suggests possible flavour outcomes include; fruity, 
floral and tropical fruit, however these terms were very rarely selected for this beer. Instead the 
description most used to describe VIN 13 beer was hoppy, citrus and sour flavour notes (Table 
4.3).  
 
Based on the co-occurrence similarity matrix, OTA 29 beer was placed with US-05 beer 12 
times. This outcome is interesting because, OTA 29 is S. bayanus yeast strain and US-05 is a 
S. cerevisiae yeast strain. OTA 29 yeast can be used for different beer style, US-05 is a 
commonly used for ale beer styles, such as Pale Ales. For OTA 29 and US-05, the attribute 
fruity was used 5 out of the 55 times, floral was used 6 out of 43 times and zero counts for sour. 
WB-06 beer was closely positioned with WLP 730 beer on F1 negative projection and the beer 
descriptions closely rating to these samples were spicy, astringent and phenolic flavour 
profiles. The co-occurrence similarity matrix shows these beers were placed together 17 times 
and according to Table 4.3 spicy and phenolic terms were most frequently selected for WLP 
730 beer followed by WB-06 beer. WLP 730 yeast is a chardonnay white wine yeast strain 
which has a medium estery production and low sulfur production and a wine-like flavour (Labs, 




Table 4.4. The co-occurrence matrix associated with the beer samples.  
 
SAMPLES WB-06 EXOTIC WLP 730 WLP 001 OTA 29 US-05 34-70 OTA 79 VIN 13 S-23 WY-1272 BE-256 
WB-06  
 
13 17 5 10 4 3 5 6 5 2 4 
EXOTIC 13 
 
15 11 11 5 6 5 3 2 3 3 
WLP 730 17 15 
 
7 7 5 6 0 7 4 5 3 
WLP 001 5 11 7 
 
7 9 3 6 4 6 6 4 
OTA 29 10 11 7 7 
 
12 8 10 4 7 10 7 
US-05 4 5 5 9 12 
 
11 6 1 7 12 7 
34-70 3 6 6 3 8 11 
 
10 3 10 7 6 
OTA 79 5 5 0 6 10 6 10 
 
8 4 8 5 
VIN 13 6 3 7 4 4 1 3 8 
 
8 11 8 
S-23  5 2 4 6 7 7 10 4 8 
 
13 11 
WY-1272 2 3 5 6 10 12 7 8 11 13 
 
10 





The loadings on F2 (11.52% of variability) and the main contributing beer sample was VIN 13 
corresponding to a burnt flavour and according to Table 4.3 VIN 13 beer sample was most 
commonly termed as hoppy, citrus and sour. The explanation to this behaviour was due to co-
occurrence of VIN 13 beer with Wy-1272 beer eleven times as shown on the co-occurrence 
similarity matrix (Table 4.4). Additionally, the location of Wy-1272 beer is very close to S-23 
beer. The burnt flavour notes were only selected for beers VIN 13 and WB-06 and this may 
explain the placement of burnt description same as VIN 13 beer and, the two samples were 
placed together eight times (Table 4.4). To a lesser extent the negative side of F2 represented 
beer sample US-05 (ale yeast) (banana and solvent flavour attributes). Beer sample US-05 was 
closely related to sample 34-70 and was placed eleven times with each other based on the 
similarity co-occurrence matrix. On the other hand, 34-70 is a lager yeast strain, a bottom-
fermenting yeast and fermenting at lower temperatures and generally producing floral and 
fruity aroma/flavour profile.  
 
Figure 4.3c and 4.3d maps the samples and attributes on F1 and Factor 3 (F3), respectively. 
The variability in the data explained by the combination of F1 and F3 is 24.3%. F1 captured 
13.4% and axis F3 captured 10.9% of data variability. OTA 79 and BE-256 beers were clearly 
separated according to the F3 map and the corresponding flavour descriptors were musty and 
characterless flavour, respectively. Additionally, musty flavour was more found frequently in 
beers BE-256 and OTA 79 than in any other beers, as shown in Table 4.3. However, it was 
only present at a low occurrence (6 times). F3 showed some specific couplings of beers; 34-70 
and VIN 13 in the positive region of F3 and the descriptors belonging to these beers were 
hoppy, soapy and sulphury. However, the similarity matrix showed these two beers were placed 
together only three out of forty-two times. The attributes list described beer 34-70 as hoppy 
and for beer VIN 13 as hoppy, sour and citrusy. Positioning of these beers possibly due to 





Beer S-23 was fermented using a lager yeast strain and beer Wy-1272, was fermented using an 
ale yeast strain. The two beers were put together 13 times based on the co-occurrence similarity 
matrix. The decision made by the panelists to place them together was mainly dependent on 
the flavour profiles of the beers. When assessing the list of attributes for these two beer samples, 
S-23 was described as citrus (7/47) and Wy-1272 beer as sulphury (10/49). The best way to 
describe the commonality between the two samples would be changes in fermentation 
behaviour for S-23. This samples were fermented using lager yeast strain and is typically 
known to produce floral and fruity flavour profiles but, since this sample was fermented outside 
its fermentation temperature the yeast may have behaved differently and altered the final beer 
style. Beer US-05 was placed with beer Wy-1272 twelve times and this behaviour were 
explained by occurrence of hoppy flavour 7 out of 75 times. Beers S-23, US-05 and Wy-1272 
were grouped together on the negative side of F3.  
 
Beers WB-06, Exotic and WLP 730 were placed on the negative axis of F1 projection. The 
corresponding terms for these samples were spicy, astringent, estery and phenolic. These 
attributes were placed on similarly on F2. From the similarity co-occurrence matrix, beer WB-
06 was placed 17 times with WLP 730 followed by 13 times with Exotic and WLP-730 was 
placed with Exotic 15 times. WB-06 yeast generally ferments wheat beer and Exotic and WLP 
730 yeasts typically ferments wine-type beers, as it comes from wine and wine yeast hybrid 
species. WB-06 commonly produce phenolic and estery flavour profile reported by (Fermentis, 
2018) in the beer and this behaviour is moderately similar with Exotic and WLP 730 yeasts 
samples as they produce estery flavour notes (Labs, 2019). Referring to Table 4.3, Exotic and 
WB-06 share common counts of phenolic attribute (4/27) which is expected as both yeast 
strains produce phenolic/spicy attributes. These samples have low levels of hoppy, fruity and 













 Evaluation of beer samples with significant attributes 
Seven of the twelve beers had specific attributes significantly (p<0.05) associated to those beers 
generated by panelists as an output of the FAST analysis  (Table 4.5) (Cadoret et al., 2009). 
Hoppy attribute was significantly related to the 34-70 beer and was confirmed in Table 4.5 
where it was commonly described as hoppy. Sulphury was significantly related to OTA 79 and 
Wy-1272 as shown in Table 4.5. Spicy was significantly associated with WB-06 and WLP-730 
though in Table 4.3 spicy was used more with WLP 730 compared to WB-06. WLP 730 beer 
sample was significantly associated with estery attribute. However, based on the attribute 
frequency table WB-06 beer samples were associated with the term estery more frequently.  
 
Sour attribute was significant for Vin 13 beer and based on the attribute list VIN 13 was 
described mostly as sour beer. Metallic attribute was also significantly associated with VIN 13. 
Lastly, astringent attribute was significantly selective for WLP 001 beer and from the attribute 
list confirms that astringent was most frequently used to describe WLP 001 beer. The following 
beer samples; US-05, BE-256, S-23, OTA 29 and, Exotic, were not significantly associated 
with any terms.  
 
Table 4.5. Attributes of the beer samples sorted by the descending order of significant 
(p<0.05).  
BEER DESCRIPTION INTERN (%) GLOBAL (%) P-VALUE 
34-70 Hoppy 16.0 8.63 0.04 
OTA 79 Sulphury  14.49 5.52 0.01 
WY-1272 Sulphury 12.33 5.52 0.03 
WLP 730 Spicy 11.59 3.80 0.01 
  Estery 11.27 3.80 0.01 
WB-06 Spicy 11.24 3.80 0.01 
VIN 13 Sour  8.33 3.11 0.04 
  Metallic 4.11 0.81 0.03 




 Multiple Correspondence Analysis using Sorting Task data set using 
WordCountAna analysis 
The beer groups and associated attributes were also analysed using Word-Count based methods 
Analysis (WordCountAna) and then analysed by MCA (Figure 4X). The MCA of the sorting 
task data explained the variability in beer samples (n=12) and beer attributes (n=46). F1 and 
F2 represented 14.80% and 12.16% of the variability, respectively. Figure 4.4a presents the 
projection of all beer samples on F1 and F2 and Figure 4.4b represents beer descriptions on F1 
and F2. OTA 79 and Exotic beers were clearly separated according to F1 projection and the 
stale and spicy flavour attributes were associated with the respective ends of F1. WB-06, Exotic 
and WLP 730 beers were clustered together on the negative end of F1 corresponding to 
common descriptors; fragrant, estery, spicy, cooked vegetable and astringent. The co-
occurrence matrix shows WB-06 beer was placed with Exotic beer thirteen times and with 
WLP 730 seventeen times, showing that they were perceived to be similar in their sensory 
profiles.  
 
OTA 79 and BE-256 beers were clearly separated according to the F2 and corresponding to the 
stale and light flavour notes, respectively. Since OTA 79 is the main contributing beer sample 
to F1 the flavour profiles however did not correspond well with the list of attributes such as 
hoppy, sulphury and fruity, generated by panels. Reason for discrimination is that everything 
else is zero (Table 4.3). From (the co-occurrence matrix Wy-1272 beer was placed together 
eleven times with VIN 13 and BE-256 and thirteen times with S-23. Based on these placements 
the positive region of F2 represented a group of beer samples, Be-256, S-23, VIN 13 and these 
were grouped based commonality in flavour profile; apple/pear, citrus, characterless, tropical 
fruity, metallic and perfume. These beers were a combination of ale, lager and wine yeast 
hybrid and having grouped together shows that the fermentation parameters drove the yeast 
strains to produce similar flavour profile. Groupings were observed on the positive side of F2 
containing Exotic and WB-06 which was described the estery and spicy flavour characteristics. 
 
Figure 4.4c and 4.4d maps the samples and attributes, respectively. Factors 1 and 3 represented 
14.80% and 11.32% of the variability. VIN 13 and US-05 beers were clearly separated 
according to the F3 projection and corresponded to burnt and perfume flavour notes, 
respectively. Since VIN 13 beer is the main beer sample contributing to F3 the flavour profiles 




Overall, the samples were slightly more scattered on F1 vs F3 compared with F1 vs F2. The 
positive region of F3 can be described predominantly by VIN 13, and associated with stale 





Figure 4.4 Separation of 12 beer samples and attributes generated by the panelists on the 
MCA plot using WordCountAna on a) Factor 1 and 2 of beer samples and b) Factor 1 
and Factor 2 of beer attributes, c) Factor 1 and 3 of beer samples and d) Factor 1 and 3 
of beer attributes. Samples were sorted into their similarities in flavour profiles and beer 




Figure 4.4 (continued) Separation of 12 beer samples and attributes generated by the panelists on 
the MCA plot using WordCountAna on a) Factor 1 and 2 of beer samples and b) Factor 1 and 
Factor 2 of beer attributes, c) Factor 1 and 3 of beer samples and d) Factor 1 and 3 of beer 
attributes. Samples were sorted into their similarities in flavour profiles and beer attributes 





The negative region of F3 was found to have US-05, and in addition to perfume was associated 
with bitter, fruity and solvent-like attributes. The separation of the 12 beers was determined by 
their dissimilarities in the beer flavour profile of the beers. From the list of attributes, VIN 13 
was significantly (p<0.05) described as hoppy, citrus and sour and the term that significantly 
described by VIN 13 was sour. These terms were not corresponding with the beer sample on 
the F3 projection because of underlying factors such as; groupings with other beer samples 
with higher frequency.  
 
Groupings were observed on the positive side of F3 containing WB-06, Exotic and WLP 730 
which was described the estery, spicy and cooked vegetable flavour characteristics. The 
samples coupled were wheat beer yeast (WB-06) strain, wine yeast hybrid (Exotic) and 
chardonnay wine yeast strain (WLP 730). US-05 and 34-70 beers shifted from positive to 
negative. The beers were placed into similar groups according to their shared flavour profile 
and what is observed that ale, lager and wine beers were distributed through factor maps 
irrespective of the yeast class. Rather the separation of the beers was related to the characterised 
individual yeast. Individual yeast strains involve different end product due to the yeast 





 Panel performance  
The following MCA plots show panel performance for sorting of the beer samples. The 
projections are best described on dimensions 1 and 2 and contribute to 24.35% of the total 
inertia. The first dimension (13.59% variability) represents separation between beer sample 
wy-1272 and BE-256 beers, positive pole, from WB06, WLP 730 and Exotic beers, negative 
pole. VIN 13 and US-05 beers were clearly separated according to F2 (11.76% variability) 
(Figure 4.5a).  
 
The next MCA plot presents panel performance over three replicates of the beer sorting task 
(Figure 4.5b). The numbers on this map represent panel 1st number followed by the session 
(e.g. 1_4; 1 as panelist and 4 as session). The panel consisted of: trained panelist (1 to 8), 
volunteer panelist (9 and 10) and Beer expert panelist (11 to 14) giving a total of 14 panelists. 
Overall the panelist performed well. This is indicated by all panelist which were grouped in 1 
quadrant of MCA also within each group. Panelists generally grouped beers similarly in 2 of 
the 3 sessions.  
 
Assessing the co-occurrence similarity matrix (Table 4.4) the panelist behaved similarly to 
place some beer samples together such as WB-06 beer was placed 17 times with WLP 730 
beer, US-05 beer was placed 12 times with Wy-1272 beer, and Wy-1272 beer was placed 13 
times with S-23 beer. On the other end, the least compatible beer samples were, OTA 79 beer 
placed zero time with WLP 730, and VIN 13 placed once with US-05. These placements show 
the panelist were able to perceive at least half the beer samples similar. Courcoux, Qannari, 
and Faye (2015) and Cariou and Qannari (2018) provided analysis of panelists using cluster 
analysis who carried out free sorting task. The hierarchical strategy of clustering based on 
Adjusted Rand Index (ARI) provides portioning algorithm surrounding various classes and this 
technique provided detailed perception between panelists in the free sorting task.  
 
The MCA map clearly articulated the differences between beer samples. Also, between the 
panel categories (trained, volunteers and beer experts) the sorting task behaviours were similar. 
The trained panelist showed most of the sessions 2 and 3 located separately from session 4, the 
untrained panelists changed behaviours over the sessions and, beer experts showed two session 
close together while the other was located further apart except for panel 12 which showed no 




trained and untrained panelist. This study also discussed the effect of list on the panel behavior 
this will be discussed in the following section.  
 
 
a) Beer MCA factor map  
b) Panel representation MCA factor map 
(axes dim1 and dim 2: 25.35%) 
 
Figure 4.5 a) Representation of beers b) panels performance (including sessions; session 




 Comparison of Factorial Approach for Sensory Task (FAST) Analysis and 
WordCountAna methods using Multiple Correspondence Analysis (MCA) 
 
a) Beer data  
There were two methods used to approach the sorting task methodology and in this section the 
comparison of FAST Analysis and WordCountAna methods will be discussed. FAST analysis has 
been used in the past to analyse the groups formed from sorting tasks of beer (Cadoret et al., 2009). 
FAST analysis is described as homogeneity analysis and uses a Multiple Correspondence Analysis 
(MCA) technique to analyse products/samples based on their similarity projected on a map. This 
allows easier comparison between product/sample with stimuli. WordCountAna is based on 
multiple factor analysis (MFA) from contingency table in order to compare products and stimuli 
(Kostov, Bécue-Bertaut, & Husson, 2014). Wordcount Ana is a condensed version that facilitates, 
and easier interpretation of words used to describe certain product(s). This provides sorting task 
information that defines products by panelists.  
 
FAST analysis of the on-beer sorting task data (Figure 4. 3a-d) shows difference locations of the 
samples compared to WordCountAna approach (Figure 4.4 a-d). The centroids were similar for 
both analysis (on dimensions 1 and 2). The highly contributing beer sample from the FAST 
analysis, dimension 1, was BE-256 beer and on WordCountAna was BE-256 and OTA 79 beers. 
To a lesser extent WB-06, WLP 730 and Exotic beers were expressed on the negative side of 
dimension 1 on FAST analysis and was also observed similarly with WordCountAna. The terms 
relating to these beer samples were spicy, astringent, estery and phenolic. The highly contributing 
beer sample on FAST dimension 2 was VIN 13 beer and on WordCountAna was OTA79 beer. To 
a lesser extent US-05 beer expressed on the negative side of dimension 2 on FAST analysis 
whereas on the same location BE-256 beer was expressed on WordCountAna. The term burnt 
contributed to a higher extent on FAST analysis and stale on WordCountAna on dimension 2. This 
is because FAST analysis output was only consensual terms therefore burnt was considered more 
consensual than stale for this analysis. However, stale was consensual on FAST analysis but to a 





Panelists spontaneously categorised beers and judging by Figure 4.2, beers were grouped either 
alone or in pairs. These differences are seen due the output of FAST analysis through consensual 
data and only the data considered consensual are expressed allows. Therefore, the interpretation 
between FAST and WordCountAna for beers and their attributes to be understand.  
 
b) Consensual word validation  
Kostov (2012) defines consensual words as words associated to similar products by different 
consumers. In order to evaluate the consensual words, first the diverse list of words is measured 
and validated to define the consensus criteria and to do this MCA methods (FAST and 
WordCountAna) are used. The outputs of these methods only represent the consensual words 
based on the intertie for the words generated by individual panelist. These methods aim to 
understand panel sensory perception of beers by collecting sample descriptors either from beer 
lexicon (Appendix 3.4) or from panelists own vocabulary. These methodologies are an easy way 
to compile the words generated form panelists and convert the data through correspondence data 
analysis (CA) on a global contingency table (products x words frequency table).  
 
From the diverse list of attributes, a total 46 corrected attributes were used for this analysis (FAST 
analysis) and a total of 39 attributes were validated to be consensual. Further to this analysis 3 
terms were classified significant (p-value less than 0.05; Table 4.6). The two most frequent terms 
(green/grassy and phenolic) were consensual.  On the other hand, term banana was used by few 
panelists but was considered as consensual.  The MCA of the sorting task data, generated by FAST 
analysis, explained the variability in consensual terms. Dimension 1 and 2 represented 13.49% and 
11.52% of the variability, respectively (Figure 4.6). From the MCA plot the dimension 1 beers 
discriminated by green/grassy from banana terms. Dim 2 on the other hand discriminated phenolic 
from banana.  
 
From the list of 46 words generated by panelists a total of 39 terms were validated to be consensual 
(using Wordcount Ana) and from further analysis 6 terms were classified significant (p-value < 
0.05; Table 4.7). The two most frequent terms (bitter and sour) were consensual.  On the other 
hand, term astringent was used by few panelists but was considered as consensual. The MCA of 




Dimensions 1 and 2 represented 14.76% and 12.16% of the variability, respectively (Figure 4.7). 
From the MCA plot the dimension 1 described beers with bitter and flat from astringent terms. 
Dim 2 on the other hand described banana and opposing astringent. Additionally, panelist showed 
that terms sour, lemony and flat were grouped in the same manner on the positive side of Dim 1.  
 
Table 4.6 Consensual words at significant level (p-value below 0.05) using FAST analysis. 
Term Panelists p-Value  
banana 3 0.012 
phenolic 14 0.026 
green/grassy 18 0.036 
 
 





Table 4.7 Consensual words at significant level (p-value below 0.05) using WordCountAna 
 
The output for the consensual terms indicated differences between sensory methodologies (FAST 
and WordCountAna). A total of 3 significant consensual terms were detected by FAST analysis 
compared with WordCountAna with 6 significant terms. These differences were observed due to 
the configuration of analysis. FAST approach represents the words corresponding to the groups 
provided by the panelists from the labelled sorting task method. 
Term Panelists p-Value 
astringent 7 0.006 
bitter 47 0.01 
banana 13 0.02 
flat 10 0.02 
lemony 18 0.028 
sour 27 0.048 





WordCountAna sums the list of words generated by panelists. The method believes words used to 
describe samples by different panelists relates to similar perception (Kostov et al., 2014). The 
consensual terms given may have the same meaning for most of the panelists assuming they are 
describing the same product. Regardless of the diverse range of attributes/terms generated by the 
panelist, both methodologies retain the information of the sample comparison but only producing 
outputs corresponding to consensual attributes for the interpretation. Due to the low number of 
panelists, the consensual terms were small which also had a smaller power of the test. This 
explanation can be described from the study by Kostov (2014) as the study recruited 100 
consumers only 50 consumers’ (randomly selected), the consensual words (12 consensual words) 
were similar compared to using all the consumers. However, when the list of 50 consumers were 
reduced to 20 consumers on two consensual words were found. Therefore, validating terms was 
more efficient with WordCountAna (6 consensual words) compared with FAST approach (3 
consensual words).  
 
 Conclusion  
The analysis of descriptive data on beers were initially conducted by providing a contingency table 
with descriptors in rows and beers (products) in columns. The descriptors (stimuli) given for each 
group made in the sorting task by the panelist provides evidence on the frequency at which each 
descriptor (stimuli) was used to describe the beer sample. Each common descriptor provided is 
assumed to have the same meaning. The individual grouping data was illustrated on an MCA map 
providing projections of beers on a plane and the attributes/terms that relate to these beers. From 
attribute list the top 5 attributes generated by the panelist were hoppy, fruity, sulphury, bitter and 
citrusy. Based on the textual analyses the significant attributes were only significantly associated 
with 7 of the 12 beers. Beer 34-70 was significantly related to hoppy flavour and OTA 79 and Wy-
1272 beers were significantly related to sulphury. Spicy flavour notes were significantly associated 
with beers WB-06 and WLP 730 beers and additionally estery was significant for WLP 730. VIN 
13 beer was significantly related to sour and metallic and lastly, WLP 001 was significantly related 
to astringent. The projections illustrate all beer samples were different and this was due to different 





FAST analysis showed BE-256 beer sample contributed highly on F1 and the main contribution 
descriptions were characterless, tropical fruity, wine-like and musty. To a lesser extent the negative 
side of F1 represented beer sample WB-06 (Wheat Beer) and the corresponding attributes were 
spicy and astringent. VIN 13 beer sample contributed highly on F2. To a lesser extent the negative 
side of F2 represented beer sample US-05 (ale yeast) corresponding to banana and alcoholic 
flavour profile. From WordCountAna approach OTA 79 and Exotic beers were clearly separated 
according to F1 projection and the corresponded to stale and spicy flavour notes, respectively. 
OTA 79 and BE-256 beers were clearly separated according to the F2 and corresponding to the 
stale and light flavour notes, respectively. Both methodologies retain the information of the sample 
comparison, but only FAST analysis produced outputs corresponding to consensual attributes for 
the interpretation. For this reason, same differences in results were observed between the two 
sensory methodologies.  
 
Overall the panel performance of beer sorting task was satisfactory. The trained panelist compared 
to untrained panelists showed little difference in performing the sorting task, additionally, beer 
experts behaved similarly. However, the number of panels from each category were not equal 
therefore a judgment on panel performance may be inadequate. Overall, the use of sorting task as 
a tool to analyse the differences in beer profiles was valuable. Furthermore, the sorting task can be 
used in other areas of food production such as quality control. To conclude, the different yeast 
strain was able to alter the sensory perception in beer from the same wort. Additionally, sorting 
task methodology provided enough evidence to quantitatively inform that all beers produced 





4.3 Analysis of volatile organic compounds (VOCs) in beer using headspace solid-phase 
microextraction (HS-SPME) and gas chromatography mass spectrometry (GC-MS) 
Identification of volatile organic compound from HS-SPME data 
The analysis of HS-SPME of 12 beer samples (4 replicates) revealed a total of 133 VOCs detected 
in the GC-MS analysis, of which 102 VOCs were manually selected using PARAFAC2 modelling 
in the PARADISe software. Analysis of Variance (ANOVA) determined that a total of 69 VOCs 
was significantly different between the 12 beer samples (p<0.05) (Table 4.8). The peak table 
indicates the peak number, retention time (RT), retention index (RI), Literature retention index 
(Lit RI), flavour characters corresponding to the peak (from literature) and the CAS number. The 
VOCs identified on this table represents a series of terpenoids and terpenoid esters including 
myrcene, geraniol, linalool, nerol, β-pinene, citronellol acetate, citronellol acetate and neryl 
acetate. A series of fermentation derived esters were found in the beer samples, for example, ethyl 
butanoate, ethyl hexanoate, ethyl heptanoate, ethyl octanoate, ethyl decanoate, ethyl dodecanoate. 
An oxide type terpene, rose oxide, and a sesquiterpene alcohol, β-nerolidol were also found. A list 
of higher alcohols derived from yeast amino acid metabolism were also found, including isopentyl 
alcohol, 1-octanol, 2-phenylethyl alcohol and isobutanol.  
 
From Table 4.8, the first ester detected was ethyl acetate at 7.38 min of retention time this 
compound is responsible for the fruity and solvent-like flavour character reported by The Good 
Scents Company (2018b). Ethyl butanoate was detected at 11.50 min, which is responsible for 
fruity, tuttii fruity, banana character also reported by The Good Scents Company (2018b). The 
esters are one of the main groups that produces fruity, sweet, and floral characters in beer, and 
these are typically classified as fermentation derived compounds.  
 
Myrcene (p12) is a highly abundant compound in hops, which accounts up to 30% of total essential 
oil content. This compound was present in the analysis at 15.69 min and is responsible for a range 
of reported flavour characters such as peppery, resinous, spicy, balsamic, green. Nerol (p59) and 
geraniol (p64) also included in this category, which contribute to the rose-like, sweet and fruity 





Several higher (fusel) alcohols were detected, including isobutyl alcohol (p7) (also known as 2-
methylpropan-1-ol) (13.06 min) which is reported to have a fermented cheese flavour character 
reported by Guo, Sun, and Liu (2017). This compound if present at high concentration above 




Table 4.8. Semi-quantification and identification of 102 VOCs. 
Peak 
no. [1] 
RT RI  Lit RI Cas no. Tentative compound identification Flavour character [2] P value 
[3,4] 
1 7.38 829 861 141-78-6 ethyl acetate fruity, solvent-like < 0.0001 
2 8.44 872 913 64-17-5 ethanol alcoholic  0.298 
3 10.62 959 1013 107-87-9 2-pentanone, 4-methyl fruity < 0.016 
4 10.76 965 1000 110-19-0 acetic acid, 2-methylpropyl ester banana, fruity < 0.0001 
5 11.38 990 1025 71-23-8 1-propanol alcohol < 0.0001 
6 11.5 995 1031 105-54-4 ethyl butanoate fruity, tuttii fruity, banana 0.000 
7 13.06 1057 1071 78-83-1 isobutyl alcohol alcoholic < 0.0001 
8 13.25 1065 1092 97-85-8 2-methylpropyl isobutyrate fruity < 0.000 
9 13.98 1094 1112 127-91-3 β-pinene herbal, pine < 0.020 
10 14.35 1109 1103 123-92-2 3-methylbutyl acetate   banana, pear-like < 0.0001 
11 15.26 1146 925 626-33-5 4-heptanone, 2-methyl- unknown  < 0.001 
12 15.69 1163 1181 123-35-3 β-myrcene peppery, resinous, spicy, balsamic, green 0.079 
13 16.48 1195 
 
54004-43-2 2-Pentanol, propanoate unknown  < 0.0001 
14 16.87 1211 1209 137-32-6 1-butanol, 2-methyl- alcoholic, banana, medicinal, solvent  0.698 
15 17.93 1253 1235 123-66-0 ethyl hexanoate apple-like, sweet < 0.0001 
16 19.1 1300 1254 142-92-7 hexyl acetate fruity < 0.0001 
17 19.81 1329 1295 2445-77-4 butanoic acid, 3-methyl-, 2-methylbutyl ester floral 0.285 
18 19.98 1336 1291 64187-83-3 3-hexenoic acid, ethyl ester, (z)- tropical-fruity < 0.008 
19 20.51 1357 1293 626-77-7 hexanoic acid, propyl ester fruity < 0.0001 
20 20.93 1374 1310 106-30-9 ethyl heptanoate fruity < 0.0001 
21 21.09 1381 1345 73805-48-8 hexanoic acid, 4-methylene-, methyl ester unknown   0.000 
22 21.67 1404 1381 16409-43-1 rose oxide green < 0.0001 
23 22.16 1424 1694 1731-86-8 methyl 2-undecynoate green < 0.0001 
24 22.63 1443 1388 821-55-6 2-nonanone cheesy < 0.0001 
25 22.82 1450 
 
0-00-0 tetrahydrofuran, 2-isobutenyl-4-vinyl- unknown  0.146 
26 23.51 1478 1421 539-52-6 furan, 3-(4-methyl-3-pentenyl)- unknown  0.225 
27 23.92 1494 1434 106-32-1 ethyl octanoate sour apple  < 0.0001 
28 24.33 1511 1460 1569-60-4 5-hepten-2-ol, 6-methyl- green, coriander 0.064 
29 24.48 1517 1429 2198-61-0 hexanoic acid, 3-methylbutyl ester unknown  < 0.0001 
30 24.59 1521 1952 4951-40-0 2-propenal, 3-(2,6,6-trimethyl-1-cyclohexen-
1-yl)- 






RT RI  Lit RI Cas no. Tentative compound identification Flavour character [2] P value 
[3,4] 
31 24.57 1521 1431 64-19-7 ethanoic acid sour, pungent, vinegar < 0.0001 
32 24.93 1535 
 
4798-61-2 octene-2-ol-4 fruity < 0.0001 
33 25.19 1546 1486 35194-38-8 7-octenoic acid, ethyl ester fruity < 0.0001 
34 25.57 1561 2236 54546-22-4 ethyl 9-hexadecenoate unknown  < 0.001 
35 25.75 1568 1646 6712-79-4 isopinocarveol woody, pine, green < 0.007 
36 25.78 1569 1530 628-99-9 2-nonanol musty, green, fruity  < 0.0001 
37 26.07 1581 1508 624-13-5 octanoic acid, propyl ester coconut < 0.0001 
38 26.57 1601 1553 78-70-6 linalool fresh, coriander, lavender,  0.843 
39 26.83 1612 1548 111-87-5 1-octanol spicy < 0.0001 
40 26.9 1614 1551 54461-06-3 octanoic acid, 2-methylpropyl ester fruity  0.000 
41 27.34 1632 
 
31642-67-8 3-nonenoic acid, ethyl ester fruity 0.068 
42 27.62 1643 1535 77-68-9 texanol unknown  < 0.001 
43 27.82 1651 
 
22627-95-8 fenchol, exo- minty, medicinal  0.776 
44 28.18 1666 1585 543-39-5 myrcenol floral, lavender, citrus 0.002 
45 29.06 1701 1610 110-38-3 ethyl decanoate brandy < 0.0001 
46 29.36 1713 1645 143-08-8 1-nonanol soapy, citrus  < 0.0001 
47 29.55 1721 1657 2035-99-6 octanoic acid, isopentyl ester fruity < 0.001 
48 29.62 1724 1668 150-84-5 citronellol acetate floral, rose, fruity, sweet < 0.0001 
49 29.75 1729 1680 76649-16-6 ethyl trans-4-decenoate chemical  0.062 
50 29.88 1734 1678 35628-00-3 ipsdienol balsamic < 0.025 
51 30.04 1741 1677 112-17-4 acetic acid, decyl ester waxy < 0.0001 
52 30.34 1753 1666 67233-91-4 ethyl 9-decenoate fruity < 0.0001 
53 30.55 1761 1678 1189-09-9 methyl geranate waxy, green, fruity, flower 0.997 
54 31 1779 1702 505-10-2 1-propanol, 3-(methylthio)- onion < 0.0001 
55 31.15 1785 1723 141-12-8 nerol acetate floral, rose, fruity < 0.0001 
56 31.27 1790 2272 25524-95-2 jasmin lactone fatty, fruity, peachy, apricot < 0.001 
57 31.76 1810 1761 112-30-1 1-decanol orange < 0.0001 
58 32.66 1846 
 
692-86-4 ethyl undecenoate fruity, waxy < 0.0001 
59 32.74 1849 1797 106-25-2 nerol floral, fresh, green  < 0.001 
60 33 1860 
 
34450-18-5 17-octadecynoic acid alcohol, fruity, banana-like  < 0.0001 
61 33.46 1878 
 
57156-91-9 2,5-octadecadiynoic acid, methyl ester unknown  < 0.0001 






RT RI  Lit RI Cas no. Tentative compound identification Flavour character [2] P value 
[3,4] 
63 33.74 1890 1850 106-33-2 ethyl dodecanoate floral < 0.0001 
64 33.71 1888 1854 106-24-1 geraniol rose-like, floral  < 0.0001 
65 34.17 1907 1864 2306-91-4 isoamyl decanoate banana, green, waxy, fruity < 0.0001 
66 34.06 1902 1800 142-62-1 hexanoic acid cheesy < 0.001 
67 34.99 1940 1872 2021-28-5 ethyl dihydrocinnamate floral < 0.0001 
68 35.34 1954 1686 2349-14-6 methyl geranate green, fruit, floral 0.996 
69 35.47 1959 1918 60-12-8 2-phenylethyl alcohol floral, rose  0.136 
70 36.25 1991 1954 149-57-5 hexanoic acid, 2-ethyl- unknown  0.845 
71 36.42 1997 1955 111-14-8 heptanoic acid waxy 0.255 
72 36.74 2010 1972 1072-83-9 2-acetylpyrrole sweet, musty, nutty tea-like 0.484 
73 37.59 2045 2076 124-07-2 octanoic acid rancid, soapy, cheesy, fatty, brandy 0.328 
74 37.71 2049 1994 7212-44-4 β-nerolidol sweet, floral, rose, apple 0.066 
75 37.98 2060 2054 124-06-1 tetradecanoic acid, ethyl ester unknown  < 0.036 
76 38.12 2066 2018 104-61-0 γ-nonanolactone coconut 0.972 
77 40.71 2170 2200 7786-61-0 4-vinylguaiacol clove, phenolic < 0.0001 
78 41.82 2215 2283 54546-22-4 ethyl 9-hexadecenoate unknown  0.218 
79 41.88 2217 2290 334-48-5 decanoic acid fatty, citrus  < 0.0001 
80 43.03 2263 2335 14436-32-9 9-decenoic acid waxy < 0.0001 
81 5.31 746 
 
13292-87-0 borane-dimethyl sulfide unknown  < 0.0001 
82 9.63 919 971 109-60-4 acetic acid, propyl ester celery and raspberry < 0.0001 
83 10.96 973 1014 565-61-7 2-pentanone, 3-methyl- unknown   0.000 
84 11.16 981 1229 13877-91-3 β-ocimene green 0.251 
85 12.89 1051 1061 624-92-0 methyl disulfide sulfurous-cabbage, malty, creamy 0.227 
86 12.93 1052 1079 540-42-1 propanoic acid, 2-methylpropyl ester fruity 0.133 
87 13.7 1083 1091 13442-89-2 acetaldehyde ethyl amyl acetal unknown  0.206 
88 14.73 1125 1142 539-82-2 pentanoic acid, ethyl ester sweet, fruity, apple, pineapple, green, 
tropical 
< 0.050 
89 14.99 1135 1141 110-12-3 2-hexanone, 5-methyl- fruity < 0.000 
90 16.34 1189 1174 110-43-0 2-heptanone cheesy < 0.0001 
91 16.53 1197 1194 2445-69-4 2-methylbutyl isobutyrate fruity < 0.015 
92 17.37 1231 1210 99-83-2 α-phellandrene unknown  0.940 
93 18.25 1266 1237 54750-69-5 Furan, 2-ethenyltetrahydro-2-methyl-5-(1-
methylethenyl)-, (2R,5S)-rel- 






RT RI  Lit RI Cas no. Tentative compound identification Flavour character [2] P value 
[3,4] 
94 20.12 1342 1314 626-89-1 isohexyl alcohol unknown  0.364 
95 20.82 1370 1737 112-54-9 dodecanal citrusy 0.947 
96 21.26 1387 1357 111-27-3 1-hexanol green, grass 0.355 
97 22.37 1432 1420 103-09-3 acetic acid, 2-ethylhexyl ester unknown  < 0.0001 
98 25.49 1558 1482 693-54-9 2-decanone feremented, cheesy < 0.0001 
99 25.95 1576 1501 1192-62-7 ketone, 2-furyl methyl nutty 0.319 
100 26.27 1589 1609 48210409 4-terpinenyl acetate unknown  0.129 
101 29.27 1710 1651  4621-04-9 4-Isopropylcyclohexanol green < 0.003 
102 31.65 1805 1770 16721-38-3 2-cyclohexen-1-ol, 3-methyl-6-(1-
methylethyl)-, cis- 
unknown  0.557 
 
1Table is sorted by ascending order of peak number, not in order of retention index, due to when compounds were identified during data 
analysis.  
2Full literature references for flavour character of each compound is presented in Appendix 4.8 
3P-value in bold indicates significant (p<0.05)  




4.3.1 Principal Component Analysis (PCA) including of beer samples and volatile 
organic compound (VOCs) from headspace solid-phase microextraction HS-SPME 
A multivariate analysis of variance (MANOVA) was carried out and the resulting dataset was 
investigated using FactoMineR package on R-studio to generate PCA plots of beer samples 
(scores) and VOCs (loadings) (Figure 4.8). Figure 4.8a and 4.8b represent PC1 and PC2 
projections while Figure 5.1c and 5.1d represent PC1 and PC3 projections for scores and loadings, 
respectively. The relative average concentrations of the VOCs (4 replicates) was used to explain 
the different levels of VOCs present in the twelve individual beer samples.  
 
A total of 40.11% variation was explained on Principal Component 1 (PC1, 20.25% variability) 
and Principal Component 2 (PC2, 19.86% variability). The beer sample positively loaded on PC1 
was OTA 29 with the most highly loaded VOCs positively associated on PC1 being ethyl 
decanoate (45), decanoic acid (p79) and propyl acetate (p82). The beer sample fermented with 
WLP001 was negatively loaded on PC1 with the corresponding compounds; (2Z)-3,7-
dimethylocta-2,6-dien-1-ol (commonly known as nerol) (p59), (2E)-3,7-dimethylocta-2,6-dien-1-
ol (commonly known as geraniol) (64) and 4-(1-methylethyl)-cyclohexanol (p101).  
 
The two beers (OTA 29 and WLP001) show clear separation on PC1 due to dissimilarities in their 
volatile profiles. The OTA 29 yeast strain is a Champagne wine strain of S. bayanus and is 
aromatically neutral (Considine & Frankish, 2014). On the other hand, WLP001 yeast is an ale 
yeast strain (S. cerevisiae) that typically ferments higher alcohol and is reported to produce 
acidic/sour tastes in beer reported by Bellut et al. (2018) and is generally considered a neutral ale 
strain with low ester production that supports hop flavour in beer (White Labs, 2019). Associated 
with this beer sample on the negative side of the PC1 projection were higher levels of terpenoid 
compounds. The difference in beer volatile profile is partially due to the metabolites produced 
during fermentation. The temperatures of their ideal fermentation range are reported to be between 
12 – 25oC for both yeast strains. The pitch rate for OTA 29 was at the target level (1 x107 cells/mL), 
but the pitch rate for WLP 001 was below the target pitch rate (4.14 x106 cells/mL). However, the 
lowered pitch rate in WLP 001 did not seem affect the production of terpenoid compounds due to 
the presence of compounds nerol (p59) and geraniol (p64). With this established, the two beers 





Figure 4.8 Principal component analysis (PCA) biplots representing the projection on PC1 
and PC2, PC1 and PC3 of 12 beer samples (scores plot; a, c) and VOCs (loadings plot; b, d), 




The two beer samples positively loaded on PC2 were WLP 730 and Wy-1272. The compound 
corresponding to these beer samples was 2-methylbutan-1-ol (p14). In contrast, the two US-05 and 
WB-06 beer samples were negatively loaded on PC2. The corresponding VOCs to these beers 
were three acetate esters, namely 3,7-dimethyloct-6-enyl acetate (commonly known as citronellol 
acetate; p48), decyl acetate (p51), [(2Z)-3,7-dimethylocta-2,6-dienyl] acetate (commonly known 
as nerol acetate; p55), and 2-ethylhexyl acetate (commonly known as acetic acid, 2-ethylhexyl 
ester; (p97). The WLP730 yeast strain (is a Chardonnay white wine yeast (Labs, 2019) is reported 
to produce a variety of characters, but produces low amounts of esters (Petruzzi et al., 2017). Wy-
1272 yeast strain (ale yeast) is an American Pale Ale strain that is reported to produce low esters 
and support hop character in beer (Wyeast Laboratories, 2019), which may explain the positioning 
of WLP 730 and Wy-1272 in the PCA biplot and associated with low acetate esters.  
 
The opposing beers that were negatively loaded on PC2 were US-05 and WB-06. The US-05 yeast 
strain (ale yeast) is a commonly used commercial strain (sold as a dry yeast) which is reported to 
produce low diacetyl levels, with a clean, neutral fermentation profile supporting expression of 
hop character and a slightly bitter beer. In contrast, the WB-06 yeast strain is a wheat beer strain 
and commonly produces spicy and phenolic flavour characteristics (complimenting the wheat beer 
style). An interesting finding on the negative loadings on PC2 were higher levels of acetate esters, 
whereas the positive loading expressed fewer VOCs and mainly from the alcohol group.  
 
Figure 4.8c represents the projections of the beer samples on PC1 and PC3 (scores) and Figure 
4.8d represents the VOCs compounds related to the samples on the same projections (loadings). 
PC3 represented 13.14% of explained variation. The beer sample positively loaded on PC3 was 
fermented with WB06 yeast associated with higher levels of 2-pentanone, 4-methyl (p3), hexanoic 
acid, 4-methylene-, methyl ester (p21) and 2-methylbutyl isobutyrate (p91). OTA 79 (ale yeast) 
was the beer sample most negatively loaded on PC3. The VOCs corresponding to this beer were 
ethyl 9-hexadecenoate (p34), octanoic acid, 2-methylpropyl ester (p40), octanoic acid, isopentyl 
ester (p47), ethyl 9-decenoate (p52) and tetradecanoic acid, ethyl ester (also known as 






Figure 4.8 (continued) Principal component analysis (PCA) biplots representing the projection on 
PC1 and PC2, PC1 and PC3 of 12 beer samples (scores plot; a, c) and VOCs (loadings plot; b, d), 




The yeast strain WB-06 is reported to produce estery and phenolic reported by Fermentis (2018) 
beer flavour notes and OTA 79 is a commercial neutral ale strain). This explains the lack of esters 
in the OTA 79 most compounds are associated with positive side of F3. Both strains ferment 
between around 18 – 24 oC and with the adequate amount of yeast pitching, the difference in VOCs 
were only due to the selection of yeast strains to ferment these beers.  
 
Overall, all the beer samples pitched with different yeast strains in a standardized wort were 
distinctive from each other and this was clearly illustrated on the principal component analysis 
(PC1, PC2 and PC3). All three projections showed no obvious grouping on the beers, which 
implies the yeast strains used to ferment the beers showed minimal similarities. A recent study by 
Richter et al. (2017) claimed that no groupings of yeast could be due to no general effect on yeast 
or that there was too many underlying factors that caused different volatile profiles between yeast 
strains. With a total of 102 VOCs present, there were a great portion of VOCs from the products 



















4.3.2 Evaluations of replicates using Principal Component Analysis 
The four separate analytical replicates of the beer samples were also plotted using PCA to evaluate 
the reproducibility of each beer sample (Figure 4.9). The placement of the samples-replicates and 
VOCs across PC1 (Dim 1) was 22% of the variability and PC2 (Dim2) was 20% of the variability. 
Similar to Figure 5.2, PC1 separated OTA 29 beer from WLP001 beer replicates and PC2 separated 
WLP730 beer from US-05 and Exotic beers. The reproducibility of some beers (WLP001, OTA 
29 and WLP 730) was very good, with the four replicates clustered closely together, whereas the 
rest of the samples showed higher levels of varation. This could be due to the bottle-to-bottle 
variation as the samples were bottle conditioned with yeast to achieve carbonation and were 
collected and analysed on different days (for all 4 replicates) in conjunction with sensory 
evaluation sessions.  
 
The other explanantion could be variation  in temperature, time and yeast in suspension during 
sample collection. The samples were collected on each day alongside the sensory sessions in order 
to provide a corresponding data set. However, there was some time difference from opening the 
bottle and collecting the samples from session to session resulting in the variation in beers were 
observed. There may have also been a variable amount of yeast  in the evaluation samples for 
sensory and volatile anlaysis. While precautions were made to carefully decant each beer to leave 
the yeast in the bottle, different yeast strains behaved differently due to their flocculation 
characteristics. This meant that during pouring, some beer samples were more prone to disturbing 







Figure 4.9 Principal Component Analysis (PCA) map representing the projection on PC1 (Dim 1, 22% variability) and PC2 
(Dim 2, 20% variability) of 12 beers (with 4 replicates), evaluated using the Headspace Solid-Phase Microextraction (HS-SPME) 




4.3.3 Flavour compounds in Beer  
Analysis of selected VOCs of beers fermented with different yeast strains showed variations in 
ethyl esters, acetate esters, fusel alcohols, phenolic, terpenoid esters and other selected VOCs. To 
further understand the origin of the compounds driving the differentiation between the beer 
samples, individual compound classes were investigated. Compounds of interest from PC1 and 
PC3 were selected and illustrated on a bar graph below (most VOCs are significant at a level of 
p<0.05) 
 
a) Ethyl esters  
Ester compounds are one of the main contributors of aroma and flavours in beer. They are present 
in concentrations above their odour thresholds and contribute to the overall profile of beer, but 
when present above at excessive levels they can negatively impact the final beer style, particularly 
for lager beer styles (Saison et al., 2009). Esters are formed during the primary fermentation of 
beer by the enzymatic condensation of organic acids and alcohols. The two main classification of 
esters include medium-chain fatty acid (MCFA) ethyl esters and acetate esters (from acetyl-CoA). 
Esters are synthesized in the cytoplasm of the yeast and then excreted into the wort. For this stage 
to complete the organic acids (or fatty acids) must be linked to a coenzyme A to form an acyl-CoA 
molecule. Acetyl-CoA is mainly produced by yeast cells and are derived from the oxidative 
decarboxylation of pyruvate. During the respiration stage, the acetyl-CoA migrate to mitochondria 
to enter in the Krebs cycle and produce high levels of Adenosine triphosphate (ATP). Acetyl-CoA 
is enzymatically esterified with an alcohol to form the acetate esters during fermentation of beer. 
The production of MCFA ethyl esters are formed by enzymatically condensing the longer chains 
of acetyl-CoA with ethanol (Nordström, 1963). 
 
The levels of selected ethyl esters are plotted in Figure 4.10. The highest level of ethyl butanoate 
(p6) was found in the WB-06 beer and the lowest was found in VIN-13 beer. This ester is 
responsible for producing fruity, tuttii fruity, banana flavour notes in beer as reported by Fritsch 
and Schieberle (2005). Higher levels of ethyl hexanoate (p15) were found in beers made with OTA 
29, WLP 730 and WB-06. On the other hand, WLP 001 beer was found to have a lower 
concentration of ethyl hexanoate. This ester commonly produces apple-like and sweet aroma in 




well in the S-23 beer and the least in the beer samples made with WLP 730, BE-256, OTA 79 and 
Wy-1272. This ester is responsible for contributing a fruity character (The Good Scents Company, 
2018b). Ethyl octanoate (p27) was mostly observed in beers from OTA 29, S-23 and WB-06 and 
the least in Wy-1272. This ester is responsible for producing sour apple flavour notes in beer 
reported by Lentz (2018). The last two ethyl esters selected for analysis were ethyl decanoate (p45) 
and ethyl dodecanoate (p63). Ethyl decanoate was mainly expressed by OTA 29 and Exotic, and 
least in WLP001 and followed by Wy-1272 and US-05. This compound is known to produce 
brandy flavour notes reported by Pino, Tolle, Gök, and Winterhalter (2012). Ethyl dodecanoate 
was mainly expressed by Exotic and least by S-23, WLP001 and US-05 beers. This ester is 











Figure 4.10 Ethyl esters formation during fermentation in 12 beer samples. Peak number in 




b) Acetate esters  
Acetate esters are considered to be important flavour compounds in beer and are present at high 
concentrations (higher than ethyl esters) above their sensory thresholds (Roger, 2014). A total of 
6 VOCs was selected for acetate esters (ethyl acetate, isobutyl acetate, 3-methylbutyl acetate, hexyl 
acetate and 2-phenethyl acetate) (Figure 4.11). Ethyl acetate (p1) was expressed the most in beers 
OTA 29, WLP730 and WB-06 and the least in WLP001. Ethyl acetate is responsible for the fruity 
and solvent-like flavour character in beer (Hughes, 2009). Acetic acid, 2-methylpropyl ester (also 
known as isobutyl acetate; (p4)) was expressed most in the OTA 29 beer and the least in WLP001 
beer. The beer WLP 730 and WB-06 was equally expressed second highest in this acetate ester. 
Isobutyl acetate is responsible for banana and fruity flavour character in beer. The third selected 
acetate ester was 3-methylbutyl acetate (commonly known as isoamyl acetate) (p10), where the 
highest levels were expressed in the OTA 29 beer and lowest in the WLP001 beer. Isoamyl 
acetate is responsible for banana, pear-like flavour characteristics reported by Schieberle and 
Steinhaus (2001). The last two acetate esters selected were hexyl acetate (p16) and 2-phenethyl 
acetate (p62). Hexyl acetate produces fruity flavour characteristics, reported by The Good Scents 
Company (2018b), and 2-phenethyl acetate produces roses, honey, sweet aroma/flavour notes 
(Kuo et al., 2013). These compounds were found at their highest levels in the OTA 29 beer and 





























Figure 4.11 Acetate esters formation during fermentation in 12 beer samples. Peak number in 




c) Biosynthesis of esters  
The yeast strain species (Table 3.2) plays an important role in beer production and the resulting 
flavour profile via the metabolites produced during fermentation. S. cerevisiae was the most 
commonly used yeast in this study with 7 of the 12 yeast strains. The other yeast strains included 
one S. cerevisiae hybrid, two S. pastorianus strains and one S. bayanus and an unknown yeast 
strain from a commercial source. S. cerevisiae for this study produced ale beer style, S. pastorianus 
and S. bayanus produce mostly lager style beer (Saerens et al., 2008). Lager yeast strains are 
typically fermented at lower temperatures (8 oC - 15oC) compared to ale yeast strains (14 oC - 20 
oC) in this study, all yeasts were fermented at the same temperature (20 oC).  
 
The Ehrlich pathway is introduced either by transportation of amino acids over the cell membrane 
or through de novo biosynthesis of amino acids. The extensive steps generate substrates which are 
branched chain amino acids such as leucine (e.g. 3-methylbutanol), isoleucine (e.g. 2-
methylbutanol) and valine (e.g. 2-methylpropan-1-ol). Ethyl ester synthesis is achieved by an 
enzyme called ethanol hexanoyl transferase. This enzyme is responsible for esterification between 
ethanol and hexanoyl-CoA from to the corresponding ethyl ester, such as ethyl hexanoate 
(Malcorps & Dufour, 1992). The two genes expressed to produce ethyl esters are EeB1 and EHT1. 
This is formed by MCFA through the condensation reaction between acyl-CoA and ethanol and 
further catalysed by two acyl-CoA: ethanol O-acyltransferases (Saerens et al., 2008). It has been 
demonstrated that deletion of Gene EeB1 reduced the production of ethyl esters, including ethyl 
butanoate, ethyl hexanoate, ethyl octanoate and ethyl decanoate. Therefore, the results suggest all 
the yeast strain expressed Eeb1 gene code. When tested to delete EHT1 gene, the effect of ethyl 
ester production was lower than of EeB1. This theory suggested EeB1 is an important gene in the 
brewer’s yeast strain to produce beers with various flavour profile.  
 
The enzyme involved in production of acetate esters is called alcohol acetyltransferase (AAT) 
(Pires & Brányik, 2015). The ester synthesis was characterised by AATase I and AATase II 
enzymes, also known as AFT1 and AFT2, respectively. Yeast strains classified as S. cerevisiae are 
associated with AFT1 and S. pastorianus is associated with AFT2 for acetate esters production. 
Acetate esters are known to be present at higher levels in lager beer than any other beer styles due 




responsible for distinctive flavour and aroma profile in beer. Some of the non S. cerevisiae yeasts 
have over expressed AFT1 gene which causes high level of ester formation in beer. For example, 
OTA 29 beer (S. bayanus yeast strain) contributed the highest level of all acetate ester VOCs, and 
in some cases S-23 and 34-70 beers had higher concentrations of acetate esters than S. cerevisiae 
yeast strain beers. 
 
The ester 2-phenethyl acetate (p62) is a common volatile found in wines mainly produced by S. 
cerevisiae yeast strain with a honey, rose like character. Considering Exotic, Vin 13 and WLP730 
beers were fermented by S. cerevisiae yeast, the concentrations of 2-phenethyl acetate were lower 
than OTA 29 beer which was fermented by S. bayanus. In this study the actual fermentation 
temperature for the wine yeasts differed from the recommended temperatures (Table 3.1), 
especially for Vin 13, which typically ferments between 12-16°C. This may have caused the 
concentration of 2-phenethyl acetate was altered. The temperature caused lower production of 2-
phenethyl acetate in Vin 13 beer along with Exotic and WLP 730 beers.  
 
d) Biosynthesis of alcohols (fusel alcohol)  
Fusel alcohols, also known as higher alcohols, is another important class of flavour compounds 
found at levels above sensory threshold in beer (Figure 4.12). During fermentation the yeast 
absorbs amino acids and used for protein metabolism / biosynthesis. The leftover amino acids such 
as the alpha-keto acids moves into the irreversible chain reaction which evidently produced higher 
alcohols as by products (Olaniran, Hiralal, Mokoena, & Pillay, 2017). A total of 5 higher alcohols 
were selected for this study to compare (Figure 5.5). Compound 1-propanol (p5) was found at 
highest levels in the WB-06 beer and lowest in the 34-70, BE-256 and OTA 79 beer samples. This 
alcohol is known to produce strong alcoholic flavour character in beer reported by Olaniran et al. 
(2017). Compound 2-Methylpropan-1-o1 (p7) (also known as Isobutanol) was highly expressed 
by BE-2256 and least by OTA 29, 34-70 and OTA 79 beers and this alcohol is also known to 
produce alcoholic flavour character in beer. 2-Methylbutan-1-ol (also known as isobutyl alcohol; 
(p14)) was highly found in Exotic, WLP730, WB-06, BE-256 and Wy-1272 beers, but was least 
expressed in in WLP001 beers. The last alcohol of interest is 2-phenylethanol (p69), which has a 




found significant (through ANOVA) in the volatile analysis. However, WB-06 was expressed the 
highest and WY-1272 the least.  
 
   
Figure 4.12 Concentrations of selected higher alcohols VOCs found in 12 beer samples. Peak 
number in brackets corresponds to Table 4.8. 




e) Biosynthesis of phenolic compounds 
Phenolic compounds are commonly known to produce spicy, medicinal and clove like flavours in 
beer. The wheat-based (WB-06) and barley-based ale styles (commonly used for ale style beers) 
produces this spice-like flavour and is considered phenolic off flavours (POF) (Roger, 2014). On 
the positive note, phenols are important for their antioxidant activity which helps to prevent beer 
from oxidation and enhance taste stability. One main phenolic compound present in the current 
study is 4-vinylguaiacol (p77) (4-ethenyl-2-methoxyphenol) (Figure 4.13). This compound is 
produced by removing carbon dioxide from ferulic acid. This is accomplished during the process 
of mashing and boiling of wort but mostly produced during by yeast during fermentation. Some 
yeast strains express POF+ gene to synthesize 4-vinylguaiacol from ferulic acid from malt. The 
highest phenolic concentration was found in WLP-730 and by OTA 29, followed by Exotic and 
WB-06 beers. The rest of the beer samples were expressed at very low concentrations.  
  
Figure 4.13 Phenolic formation during fermentation in 12 beer samples. Peak number in 





























f) Biotransformation of terpenoid compounds  
Terpenoid compounds are mainly derived from hops though the metabolism of yeast  (Takoi et al., 
2010). Hop terpenoids are an essential component found in hops which contributes to the aroma-
active profiles in beer. Hop-derived terpenoid compounds originate from hops added during the 
brewing process, and then can be modified by biotransformation reactions by yeast during 
fermentation. Six terpenoid compounds from beers were selected to compare their trends between 
the beer samples (Figure 4.14). As explained in the literature, hydrocarbons are the most abundant 
compounds in hop essential oil, making up between 40-80% in the hop oil content (Verhagen, 
2010) . Within the hydrocarbons, the monoterpene myrcene (p12) was found at the highest levels 
in the WLP001 beer and the least in OTA 29, WLP730, WB-06, OTA 79, WY-1272 and US-05. 
Myrcene produces peppery, resinous, spicy, balsamic flavour character in beer (King and 
Dickinson, 2003). Myrcene is known to be lost during boiling of wort through evaporation due to 
its low boiling point of myrcene. The presence of this compound in the final beer product is when 
the hops are added at the end of the boil or through dry hopping post-fermentation (not used in this 
study). This process preserves the high concentrations of terpenoids and the production of positive 
beer flavour compounds (Kishimoto, Wanikawa, Kagami, & Kawatsura, 2005). The most 
abundant terpene alcohol is linalool, which is an important compound responsible for the hoppy 
and floral aroma/flavour character in beer (hoppy aroma subject to late-hopping). Linalool is a 
product from oxidation of myrcene and found in the essential oil of hops. Linalool (p38) was not 
found to be significantly different between the twelve beer samples (Figure 4.14).  
 
The monoterpene aldehyde citral a and b (geranial and nerol respectively) are also important 
terpenoid compounds found in beer. The highest nerol (p59) concentration was found in the 
WLP001 beer and the lowest concentration was found in WLP730, WB-06, OTA 79 and US-05 
beers. The highest geraniol (p64) concentration was found in WLP001 and the lowest 
concentration was found in OTA 29, Exotic and WLP730 beers. Nerol produces a rose-like flavour 
and geraniol produces rose-like, floral and citrusy flavour profile in beer. Both compounds are 
associated with hop flavour in beer (King and Dickinson, 2003). The highest citronellol acetate 
(p48) concentration was found in WY-1272 and the lowest concentration was found in WLP001 




lowest concentration was given by WLP001 beer. Citronellol acetate produces a floral, fruity, pear 
and apple flavour notes and nerol acetate produces floral and green flavour notes (Kuo et al., 2013).  
 
  
Figure 4.14 Peak response of hop-derived terpenoids in 12 Beer samples. Peak number in 
brackets corresponds to Table 4.8.  




King and Dickinson (2003) outlined the biotransformation of the terpenoids compounds by yeast 
during fermentation. The experiment included the recovery of terpenoids; linalool, geraniol and 
nerol. The study demonstrated the reduction of geraniol to citronellol, translocation of geraniol to 
linalool, translocation of nerol to linalool and isomerisation of nerol to geraniol. Other 
monoterpenoid biotransformation were found but were not relevant to the current study. From 
Figure 4.14, linalool was evenly distributed across all 12 beer samples. However, geraniol had 
significantly different levels and was found at the highest level in WLP001 and US-05 beers (both 
made with ale S. cerevisiae yeast strains). Additionally, the non  S. cerevisiae yeast strains, such 
as the wine and Chardonnay style beers, expressed the least concentration of geraniol. King and 
Dickinson (2003) also observed a similar outcome for ale beers and concluded that ale yeast strains 
successfully transform geraniol and linalool. Lagers also showed the same behaviour, however it 
was not observed on the current study. Hop-derived monoterpenoids (geraniol, linalool and etc.) 
are present in beer and with these monoterpenoids co-existing the beer is perceived more fruit and 
citrusy (Takoi et al., 2010) . The enzyme responsible for synthesis of linalool and geraniol is 
hexaprenyl pyrophosphate synthetase (encoded by COQ1 gene). It is known to be involved in the 
biosynthesis of S. cerevisiae by catalysing  ubiquinone (coenzyme Q) (Camesasca et al., 2018). 
The author found that overexpression of COQ1, with other mutations, increased the level of 
linalool and geraniol.  
 
The presence of citronellol acetate (p48), which is not found naturally in hops, suggest production 
of esters during fermentation by esterase activity. Esters are either hydrolysed or converted into 
ethyl esters by yeast (Rettberg, Biendl, & Garbe, 2018; Tressl, Friese, Fendesack, & Koeppler, 
1978). Citronellol acetate was formed by acetylation of citronellol, which was either formed by 
reduction of geraniol or reduction of geranyl acetate (Praet et al., 2012). It is known that acetate 
esters are formed in beer and expressed in high concentration when the beer process includes late-
hopping. King and Dickinson (2003) demonstrated that terpenoid ester formation occurs in lager 
but not in ale yeast strains due to the genetic variation, however only two strains were selected for 
this study (S. cerevisiae and S. bayanus). The current experiment as well as study conducted by 
Richter et al. (2019) show opposing results from literature. This is because Wy-1272 beer (ale 
yeast strain) followed by OTA 79 beer (unknown yeast strain) had a high concentration of 




the relative concentrations were very low. Note that fermentations were carried out at 20oC which 
is a much higher fermentation temperature for lager beers, which is normally 12oC, consequently, 
the lager beers may have expressed low concentration of citronellol acetate and nerol acetate due 
to this fermentation condition. 
 
g) Glycosidically bound aroma precursors 
Glycosides are known to contribute to hoppy aroma volatile in beer through  yeast via 
biotransformation process (Rettberg et al., 2018). This process is achieved by glycosidically bound 
aroma precursors where-by hop-derived compounds particularly fermented with S. cerevisiae 
causes reduction of carbonyl compounds or other compounds into alcohols and diols and 
isomerisation of monoterpene alcohols. Yeast enables hydrolysis of glycosidically bound flavour 
compounds during fermentation. There were only a handful of Saccharomyces species that 
expressed the exo-1,3-β-glucanase esterase activity in beer fermentation (Daenen, Sterckx, 
Delvaux, Verachtert, & Derdelinckx, 2008; Kishimoto et al., 2005).  High concentrations of these 
components form linalool compounds which add flavour to the beer flavour profile Additionally, 
Deanen (2008) showed enzymatic hydrolysis can be introduced on the activity of yeast however 
this is only tested in lab scale.  
 
h) Other esters  
Other miscellaneous esters were selected based on their differences in beers were compared 
(Figure 4.15). In general, acetic acid, propyl ester (also known as propyl acetate; (p82)), propyl 
hexanoate (also known as hexanoic acid, propyl ester; (p19)), 7-octenoic acid, ethyl ester (p33) 
and octanoic acid, propyl ester (also known as propyl octanoate; (p37)) were highly expressed by 
WB-06 and least by WLP001. The compound 2-methylpropyl acetate (p4) was expressed most by 










Figure 4.15 Peak response of other compounds of interest in 12 Beer samples. Peak number 




4.3.4 Conclusion  
All the selected VOCs has clearly underlined that all yeast types (ale, lagers, wine yeast) behave 
differently under a constant temperature leading to distinctive VOC profiles. Some outcomes such 
as wine and lager yeast strains expressed different outcomes compared to the literature, possibly 
due to the different fermentation temperature compared to the recommended fermentation 
temperature. Altering yeast formation temperature is known to result in changes in the enzymes 
and the process of ester production. The behaviour of AFT1 transcript levels is affected by 
initiation of stress such as oxidative stress. However, the nature of yeast strain affects the 
production of ethyl and acetate esters. Biotransformations of terpenes is one of the complex 
pathways and different profiles in terpenoid compounds were found between the 12 beers 
fermented with different yeast strains. The hoppy aroma in beer is primarily introduced by the hop-
derived aroma in beer which is modified yeast during fermentation. Understanding of the 
fermentation process that drives the biotransformation reactions to produce beer flavours is still 


















5.1. Integration of Sorting task and HS-SPME in Beer  
The sensory characteristics of beer are influenced by its ingredients, the brewing conditions and 
factors during fermentation. Yeast play an important role in the development of volatile organic 
compounds (VOCs) that contribute to the aromatic odour and flavour characteristics of beer. VOC 
production is also influenced by yeast strain, fermentation temperature, yeast pitching rate, hop 
additions, wort production, bottling/kegging processing and other parameters (Krzysztof & 
Tadeusz, 2015). Studies have demonstrated that changes in VOC production are also affected by 
yeast pitching rate  and yeast strain used (Richter et al., 2017; J Scrimgeour, 2016). These studies, 
and several others, presented analytical measures of VOC compounds in beer, but limited research 
has been done to compare the analytical data with sensory analysis to understand flavour 
perception. Additionally, the biotransformation reactions of fusel alcohols, phenols, esters, 
terpenes by yeast and their impact on sensory perception have not yet been identified.  
 
In this study, beer flavour characteristics were identified using sensory and analytical measures to 
understand the effect of different yeast strains on hop flavour in beer. To do this, a range of beer 
fermentations were performed using a standard wort with Simcoe hops (bittering hops) and 
Motueka hops (late addition aroma hops) and twelve different yeast strains, encompassing ale (S. 
cerevisiae), wheat beer (S. cerevisiae), lager (S. pastorianus), wine (S. cerevisiae wine yeast 
hybrid), Chardonnay (S. cerevisiae) and Champagne (S. bayanus) yeasts. The first experiment was 
a sensory analysis using a sorting task followed by a description of the sensory attributes that 
distinguished the sorted groups of beer. The second experiment was analysis of VOCs in the 12 
beer samples using a HS-SPME GC-MS method. The same beer samples were used for both 
sensory and analytical trials. These experiments demonstrated that different yeast strains produce 
different flavour profiles in beer and affected the perceived hop flavour from the same starting 
wort under controlled fermentation conditions. The sorting task generated 47 consolidated sensory 
terms describing the flavor and aroma of the beers, from which 37 terms were determined to be 
consensual terms based on the MCA projections. In this task, the beers were assessed by both 
trained panelists (8), untrained volunteers (2) and by beer experts (4). From the volatile analysis a 
total of 102 VOCs were detected, including terpenes, esters, alcohols and phenols, of which 77 




As reported in chapter 4.3.3, a total of six terpenes and terpenoid esters were selected (Figure 4.14) 
to evaluate beer volatiles and illustrate the contribution of hop aroma in beer. Some terpenes 
(monoterpene alcohols) VOCs were derived directly from hops (e.g. linalool) and some were 
biotransformed by yeast during fermentation, such citronellol (Dickinson, 2009; Inui, Tsuchiya, 
Ishimaru, Oka, & Komura, 2013; Takoi, Koie, et al., 2010). An observation was made that Wy1272 
was associated with citrus and tropical fruits on the projection, although this was amongst other 
sensory attributes, however the correlation was weak. 
 
Beer OTA 29 (fermented from Champagne yeast) had the highest concentration of esters, mainly 
ethyl and acetate esters, specifically ethyl decanoate (brandy) and propyl acetate (celery and 
raspberry) (Figure 5.1) (Martínez Vega, Varming, Skov, & Toldam-Andersen, 2014; Pino et al., 
2012; Song et al., 2019). The production of these volatiles supports the sensory analysis, which 
described beer OTA 29 as having a hoppy and fruity flavour profile. Beer WLP730 (Chardonnay 
yeast), Exotic (wine yeast) and WB-06 (wheat yeast) are located on the positive side of PC-1 map 
(Figure 4.8a). Comparing the MCA map (Figure 4.3a and b) these beers were also located together, 
and the panel frequently described these beers as spicy, astringent, estery and phenolic (Figure 
4.8b). The output from HS-SPME analysis (Figure 4.8a and b) clearly demonstrate these beers 
plus OTA 29 (Champagne yeast) were highly loaded for the compound 4-ethenyl-2-
methoxyphenol (also known as 4-vinylguaiacol). This compound is commonly known for its spicy, 
clove-like odour characteristics and is generated by the enzymatic decarboxylation (ferulate 
decarboxylase) of ferulic acids in a thermal process (Verhagen, 2010). Decarboxylating 
hydroxycinnamic acid (known as Pof+) is a single dominant nuclear gene. Lager and ale yeast 
strains in the current study showed minimum phenol production in beers. It is known that lager 
yeast strains are incapable of generating phenol, as phenols are typically only produced at 
fermentation temperatures above 20oC, and since lagers ferment at 12 oC this suggests production 
of phenols are minimised due to lack of Pof+ phenotype. In contrast, wild yeast strains and other 
specialty yeast strains (such as wheat beer strains) can produce phenols due to the presence of Pof+ 
phenotype (McMurrough et al., 1996). This supports the observation that different yeast strains 





 Beer WLP001 was found to have the highest total amount of the terpenes; including geraniol, 
nerol and myrcene but the lowest concentration of the terpene acetates; citronellol acetate and 
nerol acetate. The highest concentration of citronellol acetate and nerol acetate were detected in 
Wy-1272 beer (Figure 4.14). Consequently, the PCA (Figure 4.8a and b)  shows beer WLP001 to 
be associated with nerol (p59) and geraniol (p64), VOCs having flavours (Table 4.8) described as 
being citrus, rose, fresh, floral and green (Inui et al. (2013). These descriptors, however, did not 
match that well with the sensory profile of beer WLP001 on the MCA map on Figure 4.8b, where 
it was associated with an alcoholic, banana and fragrant flavour profile. This difference highlights 
the fact the beer flavour is very complex and cannot be attributed to only a few VOCs. 
 
Previous studies have claimed that both ale (S. cerevisiae) and lager (S. pastorianus) yeasts can 
convert geraniol into linalool and nerol into geraniol. Additionally, geraniol is also converted into 
small amounts of linalool and nerol, in a reversible reaction (King and Dickinson, 2000). Other 
studies have reported that monoterpenes and sesquiterpene alcohols undergo biotransformation by 
yeast and products formed during the fermentation have shown a slight reduction in linalool and 
alpha-terpineol, increases in beta citronellol and nerol and a consequential increase in geraniol 
(Takoi et al., 2010) . Terpenoids are synthesized from pyruvate and glyceraldehyde-3-phosphate 
in the methylerythritol 4-phosphate (MEP) pathway. MEP is the major pathway for terpenoid 
synthesis through isoprenoid precursors, as hop enzyme genes are highly expressed on this 
pathway. Terpene synthesis is therefore the source of aroma rich terpenoid components in beer 
that contributes to the overall hop flavour. However, enzymes specifically involved in this process 
are still not well characterized and limited research has been done on the genes involved in 
biotransformations for hop-derived terpenoids in beer (Holt, Miks, de Carvalho, Foulquié-Moreno, 
& Thevelein, 2018). This literature supports that observation in the current study that geraniol and 
nerol were found at higher concentrations in both ale and lager yeast as opposed to the rest of the 
yeast strains. Since geraniol and nerol are known for their contribution for hoppy aroma in beer, 
the sensory results (Table 4.3) also showed that the panel frequently chose beer 34-70 (lager strain) 
to be the most hoppy. However, beers fermented with ale yeast strains represented high levels of 





From the selected list of ethyl esters (Figure 4.10) there was a clear observation that most ale yeast 
had lower concentrations of ethyl esters and acetate esters (Figure 4.11) than lager yeasts. 
Fermentation derived esters and higher alcohols undergo biosynthesis in yeast in a process that 
requires molecular pathways controlled by specific genes in order to produce the resultant flavour 
profiles in beer. Additionally, synthesis of ethyl esters is regulated by enzyme activity as well as 
substrate concentrations (i.e. acyl-CoA and ethanol) (Richter et al., 2017). Acetate esters on the 
other hand are formed by the condensation reaction between acetic acid and an alcohol by losing 
a water molecule. As explained in section 4.1.6 (a and b), esters contribute to a range of aroma-
active compounds in beer. Ethyl heptanoate is reported to have a fruity odour character and it was 
detected in W-34/70 and S-23 beers (lager yeast strains), however, the frequency table suggests 
the fruitiest beer was Wy-1272 (Table 4.3) as defined by the sensory panel. Lager strains typically 
promote the production of acetate esters through expression of the ATF1 (Lg-ATF1) gene (Fujii, 
Yoshimoto, & Tamai, 1996; Holt et al., 2018). Therefore, this behaviour observed was unusual 
but can be explained by fermenting lager strain at higher temperatures than those typically 
recommended, thus causing increases in ester (ethyl and acetate) synthesis and higher than 
expected concentrations of higher alcohols (Pires & Brányik, 2015) 
 
5.2.  Limitations for sensory  
The sorting task provided enough evidence to confirm all 12 beers fermented with different yeast 
strains produced different flavour profiles in beer. The sorting task allowed the panelists to 
determine the sample differences through sensory perception of the beer flavour, which allowed 
them to group beers based on their similarities. Compared to conventional descriptive sensory 
analysis, this sensory method is time efficient, cost effective and can be performed by either trained 
or untrained panelists (Lelièvre et al., 2008).The data analysis method used in this study was the 
Factorial Approach Sorting Task (FAST) approach. This simple method is based on multiple 
correspondence analysis (MCA) and showed relationships between panelists (assessors) and beers 
(product) on a projection map and contingency table. 
 
Presenting beers for sensory evaluation can be challenging to some degree in terms of flavour, 
odour and aroma description. Beers are known to have diverse aromas which requires 




of beer samples (n=12) presented in the sorting task was reasonable. In comparison, Chollet et al. 
(2011) studied beer sorting task with a different number of beer samples presented in a sorting 
task. The authors concluded that 24 beers were too many beers for a sorting task, whereas using 
9-20 beers were acceptable but 12 beers were reasonable depending on the variability between the 
beer samples.  
 
One of the challenges faced in the sorting task analysis was the descriptive vocabulary and the 
variety of different attribute terms generated by the panelists. Panelists generated a large diversity 
of sensory terms to describe beers and this caused difficulty in interpreting beer flavour profiles. 
The list given to panelists during training to aid in describing beers included 14 different 
classification of beer odour, taste, mouthfeel and after flavour and the classification was further 
broken down into 3 sub-categories (Appendix 3.5). This list of beer descriptors could explain why 
panelists generated a diverse range of beer descriptions. Other studies have showed condensing 
the list (e.g. to 14 terms) helps assessors match the words to the beers (Hughson & Boakes, 2002). 
Providing the list increased the effectiveness of the study (allowing panelist to choose from the list 
or create their own terms) and can be perspective with the results presuming the term selected to 
describe the beers means the same between all panelists. Overall, the sorting task provided insights 
of how panelists perceived the beer samples. However, this tool may become more robust if further 
training was provided and the list of sensory attributes provided to the panelists was condensed.  
 
5.3.  Future directions of research 
Apart from brewing, the fermentation parameters could be reworked such that beers were 
fermented at their recommended temperature for each yeast strain. However, it is not always 
known what the ‘optimum’ temperature is for a given yeast strain, with suppliers providing very 
broad ranges for each yeast. This would also represent a logistical challenge and add another 
variable to manage. In the current work, all beer was fermented at 20oC to keep conditions constant 
for direct comparison, which may have put some yeast strains under stress and affected the typical 
flavour profile.  
 
Further research could utilize a sensory methodology to assess how panelists perceive beer with 




flavours can be used such as free choice profiling (Chollet et al., 2011). This method requires no 
screening or training of the panelists and panelists can use any words to describe the products. 
Flash profiling is another method and requires trained panelists to map products in a small amount 
of time (Chollet et al., 2011). The products are ranked according to intensity (from least to most 
intense) from the attribute chosen by each panelist. Another alternative method is projective 
mapping or sometimes referred as napping (Chollet et al., 2011). This method requires assessors 
to place each product according to their similarities and dissimilarities on a two-dimensional map 
(studies have used tablecloth as base). The coordinates of each map allow discrimination of the 
products and assessed by MFA (multiple factor analysis). Non-invasive biometric methods have 
been used to analyse different responses of assessor between beer samples (Chollet et al., 2011). 
This method adapts Infrared thermal imagery (IRTI) to collect panelists’ data on heart rate, 
temperature and facial expressions when the panelist tastes the presented beer samples. Panelists 
also assess beers on the aroma, odour, mouthfeel, taste, flavour, foam and colour using a 9-point 
hedonic scale (Gonzalez Viejo, Fuentes, Howell, Torrico, & Dunshea, 2018). An integration 
method approach could be suitable to analyse both sensory and analytical data on a Multiple Factor 
Analysis (MFA) map. This would further justify the validity of the beer flavour profiles. Another 
effective method to quantity the difference could be measured by Generalized Procrustes analysis 
(GPA). This type of analysis allows comparison of panel performance from the results of free-
choice-profiling (sensory analysis) (Wu, Guo, de Jong, & Massart, 2002). Furthermore, volatile 
fingerprinting approach for identification and quantification could be applied in future studies.  
 
With diversity of yeast strains and hop cultivars it is difficult to understand the drivers of the 
biotransformation mechanism of compounds in beer. With a little-known information of the gene 
responsible in some of the biotransformation process, investigating this aspect could better outline 
the reactions between the hop-derived compounds in beer during fermentation. Furthermore, there 
could be better understanding of hop flavour in beer by fermenting beers with and without hops 
using standardised wort and standard parameters (all beers fermented under same condition). This 
work may suggest which compounds are hop-derived and which are fermentation-derived 
compounds. Overall, it is important to understand that biotransformations of yeast in beer requires 
in depth investigation of yeast taxonomy and what enzymes drives these yeasts to produce 




5.4.  Conclusion   
There are a range of brewer’s yeast strains used to create different styles of beer. The interaction 
between hops and yeast are primarily responsible for production of esters, phenols, higher alcohols 
and terpenoids and other volatiles in beer. The current research was able to apply sensory analysis 
of the beer flavour profile and integrated with volatile analysis to investigate the influence of yeast 
on hop flavour in beer. The sorting task was an effective way to evaluate and group beer based on 
its flavour profile. Results demonstrated that the sensory profile of twelve beer samples fermented 
with different yeast strains under standardized conditions was considerably different. Some yeast 
strains produced beer significantly related to hoppy flavor (34-70) while other yeasts were 
significantly related to sulphury (OTA 79 and Wy-1272), spicy (WB-06 and WLP 730), estery 
(WLP 730), sour and metallic (VIN 13 beer) or astringent (WLP 001) characteristics in beer. The 
HS-SPME analytical study detected 102 VOCs of which 77 were significantly different between 
beer samples fermented with different yeast strains (p<0.05). The main compounds of interest were 
terpenoids (e.g. monoterpene alcohols), terpenoid esters, ethyl esters, acetate esters, fusel alcohols 
and phenolic compounds. This experiment showed ale and lager yeast strains behaved differently, 
especially in terpenoid esters and acetate esters. The wheat beer, wine, Chardonnay and 
Champagne yeast showed higher amount in phenolic compound leading to a perceived spicy 
flavour.  
 
Both studies were integrated and there were several findings that showed relationships associating 
volatile compounds with perceived sensory attributes. For example, beers high in phenolic 
compounds were also perceived similarly by the sensory panelists. Beers with higher levels of 
acetate and ethyl esters were also perceived to be fruity by sensory panelists. The key compounds 
found in beers were able to provide deeper understandings of the drivers of aromas in beer. 
However, to understand the generations of these flavour compounds in beer, further studies need 
to be performed at the molecular level to understand the biosynthetic reactions. In addition to this, 
it is important to understand the factors that can enhance the hop aroma in beer and to provide 
scientific understanding on how different yeast strains affect hop flavour in beer. This project will 
also provide information to brewers to understand how to optimise hop flavours in beer in order 
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Appendix 3.2 Ethics  




Sensory Evaluation of Beer  
 
INFORMATION SHEET FOR PARTICIPANTS  
 
Thank you for showing an interest in this project.  Please read this information sheet carefully 
before deciding whether to participate.  If you decide to participate, we thank you.  If you decide 
not to take part, there will be no disadvantage to you and we thank you for considering our request.   
 
What is the Aim of the Project? 
 
The aim of the project is to evaluate the differences in sensory attributes between beer samples 
using a sorting task methodology. This project is being conducted as part of the requirements for 
the Masters in Science degree for Ashly Kumar in the Department of Food Science, University of 
Otago. 
 
What Type of Participants are being sought? 
 
We wish to include in this study 20 men and women over the age of 20. They should be in good 
health, and willing to complete the entire study.  
 
Exclusion Criteria: 
- Participants under 20 years of age will be excluded from the study. 
- Any non-consumers of alcohol due to personal, medical or religious reasons will be 
excluded from participating in this study. 
- Any participant arriving for the session that is suspected to have consumed alcohol or 
showing signs of intoxication will be excluded from the study. 
 
For allergies please refer to the Food Products Ingredients Information Form attached to this form. 






A summary of the key findings of the research will be available at the completion of the study for 
your interest.  
 
What will Participants be Asked to Do? 
 
Should you agree to take part in this project, you will be asked to attend 4 sensory evaluation 
sessions of 2 hours each. During each session, you will be asked to evaluate twelve alcoholic beer 
samples (40mL; 3.9-5.1% alcohol by volume). You will be asked to taste each sample and group 
them according to their similarities and then describe the sensory attributes that distinguish each 
group. At the conclusion of each session, food will be provided.  
 
All samples presented have been prepared following Good Manufacturing Practices (GMP) at 
Emerson’s Brewery Dunedin and the Department of Food Science at the University of Otago. No 
health risks are anticipated as a result of this research. 
 
Important Information – Alcohol Consumption 
New Zealand sets strict limits on the amount of alcohol a driver may drink before driving or 
operating any machinery. For drivers over the age of 20, the acceptable blood alcohol content 
(BAC) is 50milligrams ethanol/100mL blood. The law says you must not drive if the amount of 
alcohol in your blood or breath exceeds certain age-related limits. These limits are: 
 
Drivers over 20 years: 250 micrograms/L breath or 50mg/100mL blood 
 




How much alcohol will you be drinking? 
For session 1, you will be consuming up to maximum of 400mL beer (10 samples x 40ml). The 
alcohol content of the samples will range between 4.0 – 5.1% (alcohol per volume) with an 
expected average of 4.77% (the same as standard commercial beer). This is equivalent to 
approximately 1.51 standard drinks.  
For sessions 2, 3 and 4 you will be consuming up to a maximum of 480mL beer (12 samples x 
40mL) per session. The alcohol content of the samples will range between 3.9 – 5.1% (alcohol per 
volume) with an expected average of 4.63% (the same as standard commercial beer). This is 
equivalent to approximately 1.75 standard drinks.  
Please note that you do not need to consume all the samples to perform the evaluation task and it 
is expected that your actual alcohol consumption is lower than this calculated value. A spittoon is 






Please Note: It is difficult to determine how many drinks cause a person to go over the legal limit 
for driving, as factors such as gender, body mass and the amount of food eaten can cause variations. 
In this case even small amounts of alcohol can affect your driving, the best advice is:  
if you drink at all, do not drive. 
 
Please be aware that you may decide not to take part in the project without any disadvantage to 
yourself of any kind. 
 
What Data or Information will be Collected and What Use will be Made of it? 
Any personal information (e.g. name and contact details) that you provide will only be used for 
the purposes of organising testing sessions. It will be held privately, and will not be published or 
presented in any format that will allow you to be identified. Only the researchers directly involved 
in data collection will have access to the data.  
The data collected will be securely stored in such a way that only those mentioned below will be 
able to gain access to it. Data obtained as a result of the research will be retained for at least 5 
years in secure storage. Any personal information held on the participants, such as contact details, 
may be destroyed at the completion of the research even though the data derived from the research 
will, in most cases, be kept for much longer or possibly indefinitely. 
The results of the project may be published and will be available in the University of Otago Library 
(Dunedin, New Zealand) but every attempt will be made to preserve your anonymity. 
Can Participants Change their Mind and Withdraw from the Project? 
 
You may withdraw from participation in the project at any time without any disadvantage to 





What if Participants have any Questions? 
If you have any questions about our project, either now or in the future, please feel free to contact 
either:- 
Ashly Kumar and  Dr Graham Eyres 
MSc Student  Senior Lecturer 
Department of Food Science   Department of Food Science 
  University Telephone Number: 03 479 7661 
Email Address ashly.kumar@postgrad.otago.ac.nz  Email Address graham.eyres@otago.ac.nz 
This study has been approved by the University of Otago Human Ethics Committee. If you have 
any concerns about the ethical conduct of the research you may contact the Committee through 
the Human Ethics Committee Administrator (ph +643 479 8256 or email gary.witte@otago.ac.nz). 







Food Ingredients & Common Food Allergens Information  
Ingredients 
Yeast (saccharomyces cerevisiae) 
Hops 
Water 
Malt Extract (Barley) 
 
Contains Alcohol (3.9-5.10% alcohol by volume) 
 
In each session you will be presented with 12 samples x 40mL (total volume = 480mL) which is 
equivalent to 1.5 Standard Drinks.  
 
Table 1. Common Food Allergens required to be highlighted on food ingredient labels according to 
the Australia New Zealand Food Standards Code (Standard 1.2.3). 
Common Food Allergens Present in the products included in 
this study:  
Cereals containing gluten and their products, 
namely, wheat, rye, barley, oats and spelt 
and their hybridised strains  
Yes 
Crustacea and their products No 
Egg and egg products No 
Fish and fish products No 
Milk and milk products No 
Peanuts and soybeans, and their products No 
Added Sulphites in concentrations of 10 mg/kg 
or more 
No 
Tree nuts and sesame seeds and their products No 



















Sensory Evaluation of Beer  
CONSENT FORM FOR PARTICIPANTS 
 
I have read the Information Sheet concerning this project and understand what it is about.  All my 
questions have been answered to my satisfaction.  I understand that I am free to request further 
information at any stage. 
I know that:- 
1. My participation in the project is entirely voluntary; 
 
2. I am free to withdraw from the project before its completion; 
 
3. Personal identifying information (e.g. contact details) may be destroyed at the conclusion of 
the project but any raw data on which the results of the project depend will be retained in 
secure storage for at least five years; 
 
4.  I am aware that this study involves the consumption of beer samples containing alcohol and 
that it is my own responsibility to stay under the legal alcohol limits for driving. 
 
5. [For volunteer participants] I understand that there will be no compensation for my 
participation in this research. 
 
6. The results of the project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand) but every attempt will be made to preserve my anonymity. 
 
7.  I confirm that I am over 20 years old and I understand that if authorisation of age is required, 
I can supply valid identification, which proves my date of birth.   
 
 
I agree to take part in this project. 
 
 
.............................................................................   ............................... 











Name of person taking consent 
 
 
This study has been approved by the University of Otago Human Ethics Committee. If you have 
any concerns about the ethical conduct of the research you may contact the Committee through the 
Human Ethics Committee Administrator (ph +643 479 8256 or email gary.witte@otago.ac.nz). 







Appendix 3.3 Taste Identification Test 
 
Name _________________       Date ____/____/_______ 
Taste Identification Test 
You are presented with 6 samples of solutions which represent the basic taste sensations.  
Start in any order, choose a cup, take a sip from it, hold it in your mouth for 10 seconds and note the taste.  
Proceed through the other samples in a similar manner, rinsing your mouth between each samples. 
Solutions Taste identified Correct/incorrect 
485   
386   
679   
459   
858   





Appendix 3.4 Descriptive test  
Name _________________       Date ____/____/_______ 
Descriptive Test 
Please taste the two samples in the order presented, from left to right. You may drink as much as you would 
like.  
Please assess the AROMA, APPEARANCE, FLAVOUR, MOUTHFEEL and OVERALL IMPRESSION 
in the pairs presented. 
 
PAIR 1.     ___531___    ___ 164___  
531 Comment  164 Comment 
Aroma  Aroma  
Appearance   Appearance   
Flavour   Flavour   










PAIR 2.     ___122___    ___ 267___  
531 Comment  164 Comment 
Aroma  Aroma  
Appearance   Appearance   
Flavour   Flavour   
















Appendix 3.5 Main sorting 
Name: _____________________    Date: _____/_____/______ 
Sorting task  
Instructions:  
1. You are presented with 12 samples in random order. Please taste and smell the samples in order 
(from left to right) and sort them into groups based on their similarity of sensory attributes.  
2. You can sort the samples into as many groups as you like but the required minimum is two 
groups. 
3. Have a cracker/carrot and water in between samples to cleanse your palate. 
4. Please record results in the table below. Write the 3-digit codes in the left column and describe 
the sensory characteristics of the group in the right-hand column. An example has been provided.  
5. Please note that each sample can only belong to one group. 
6. A note page is provided to write individual descriptions of each sample  
 





























Name: _____________________    Date: _____/_____/______ 

















Beer Flavor Wheel  Date: _____/_____/______ 
 
Figure 1. Beer flavour wheel represents some of the multitude of descriptors of beer flavor and defects 





Table 1. List of odour, taste, mouthfeel and after flavour of typical a beer  (Meilgaard, Dalgliesh, & 
Clapperton, 1979) 
Class1: Aromatic, Fragrant, Fruity, Floral 
First tier Second Tier  General descriptions  
Alcoholic Spicy, Vinous Allspice, nutmeg, peppery, eugenol, wine-
like, fusel 
Solvent-like Plastic, acetone Chemical solvents, plasticizers, lacquer-
like  
Estery Isoamyl acetate, ethyl 
hexanoate, ethyl acetate 
Like esters, banana, pear drop, apple-like, 
light fruity, solvent like 
Fruity Citrus, apple, banana, 
blackcurrant 
Citral, grapefruit, lemony, orange-rind, 
blackcurrant fruit 
 Melony, pear, raspberry, 
strawberry 
 
Acetylaldehyde   Green apples, raw appleskin, bruised 
apples. 
Floral Rose, Perfume  Like flowers, fragrant, rose-like, scented 
Hoppy Fresh hop 
Dry hop 
 
Fresh hop aroma (excludes hop bitterness) 
Class 2: Resinous, nutty, green, grassy 
Resinous Woody Fresh sawdust, resin, cedarwood, 
pinewood, sprucy, terpenoid. 
Seasoned wood (uncut). 




Grassy Freshly cut grass, straw-
like 
Green, crushed green leaves, leafy, hay-
like. 
Class 3: Cereal 
Grainy Husky, corn grits, mealy Raw grain flavour. 
Husk-like, chaff, 'Glattwasser'. 




Malty, worty  Fresh wort aroma. 
 
 
Class 4: Caramelized, Roasted 
Caramel Molasses , licorice Burnt sugar, toffee-like, black treacle. 
Class 5: Phenolic 
Phenolic Medicine  Pitch, phenol. 
Trichlorophenol (TCP), hospital-like, 
lodophors, hospital-like, pharmaceutical. 
Class 6: Soapy, fatty, diacetyl, oily, rancid 
Fatty acid Caprylic, cheesy, 
isovaleric, butyric 
Soapy, fatty, goaty, tallow. Dry stale 
cheese, rancid butter.  
Rancid  Oxidative rancidity 
Oily Vegetable oil, mineral 
oil 
As in refined vegetable oil. 
Gasoline (petrol), kerosene (paraffin), 
machine oil. 
Class 7: Sulphury 
Sulphitic  Sulphur dioxide, striking-match, 
choking, sulphurous-SO2. 




Rotten egg (H2S). 
Drains, stench. 
Skunky, sunstruck. Higher mercaptans. 
Water in which shrimp have been cooked 
Cooked vegetable Parsnip, celery, DMS, 
cooked cabbage, cooed 
sweet corn, cooked 
tomato, cooked onion 
 
Dimethyl sulphide 
Overcooked green vegetables. 
Cooked maize, canned sweet corn. 
Tomato juice (processed), tomato ketchup. 
Yeasty Meaty Fresh yeast, flavour of heated 
Thiamine.  
Brothy, cooked meat, meat extract, 













Class 8: Oxidized, stale, musty 
Stale Catty, papery, leathery Old beer, overaged, over pasteurized. 
Blackcurrant leaves, ribes, tomato plants, 
oxidized beer, stale bread-crumb, 
cardboard, old beer, oxidized. 
 Moldy, earthy, musty Cellar-like, leaf-mold, woodsy, damp soil, 
freshly dug soil, fusty. 
Class 9: Sour, acidic 
Acidic Acetic, sour Pungent aroma, sharpness of taste, mineral 
acid. 
Vinegar. 
Lactic, sour milk. 
Class 10: Sweet 
Sweet Honey, Jam-like, 
vanilla, priming, syrupy, 
oversweet 
Clear (golden) syrup. 
Sickly sweet, cloying. 
Class 11: Salty 
Class 12: Bitter 
Class 13: Mouthfeel 
Alkaline  Flavour imparted by  
alkaline detergent. 
Mouth coating  Creamy 
Metallic  Iron, rusty water, coins, tinny, inky. 
Astringent  Drying Mouth puckering, puckery, tannin-like.  
Powdery  Dusty cushion, irritating, (with 
Grainy) mill-room smell. Chalky, 
particulate, scratchy. 
Carbonation Flat Under carbonated 
 Gassy Over carbonated 
Warming   Spice-like 
Class 14: Fullness  
Body Water, characterless, 
satiating, thick 
Fullness of flavour and mouthfeel. 
Thin, seemingly diluted. 
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Order Sample Code Sensory Terms/ Descriptors  
1   
2   
3   
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5   
6   
7   
8   
9   
10   
11   




Appendix 3.7 Factorial Approach for Sorting Task data (FAST) codes 
 
Package (SensoMineR) (Beer dataset) 
 
Import data  






FAST analysis with group numbers (samples, panels) 





Eigenvalue and Percentage of variance (%) 
res_fast_trial$eig  
 
FAST analysis with terms 
res_fast_trial <- fast(group_term_data_df, sep.words = ";") 
 
FAST analysis terms coordinates  
samp_fast_coord <- as.data.frame(res_fast_trial$ind$coord) 
panel_fast_coord <- as.data.frame(res_fast_trial$group$coord) 
 
Textural analysis (p<0.05) 






Appendix 3.8 WordCountAna codes 
 
Package (SensoMineR) (Beer dataset) 
 
Import data  









Eigenvalue and Percentage of variance (%) 
res_wordcount_ana$mfact$eig 
 





Appendix 3.9 Principal Component Analysis codes 
 
Import data  
gc_data <- read_excel("SPME ANOVA 050319.xlsx", "data_for_r") 
 
Run MANOVA  
res_man_gc <- manova(as.matrix(gc_data[, 4:105])~ sample, data = gc_data) 
res_man_gc_sum <- summary.aov(res_man_gc) 
res_man_gc_tab <- as.tibble(data.frame(matrix(unlist(res_man_gc_sum), nrow = 102, byrow = 
T))) 
res_man_gc_tab <- select(res_man_gc_tab, Samp_df = X1, Res_df = X2, Samp_sumsq = X3, 
Res_sumsq = X4, Samp_mse = X5, Res_mse = X6, F_value = X7, p_value = X9) 
 
Significant number of compounds 
count(res_man_gc_tab, p_value < 0.05) 
 
PCA 





PCA map of samples 
res_gc_pca <- PCA(gc_pca_data[,sig_voc], scale.unit = TRUE) 
 
Samples coordinates 
gc_res_inds <- get_pca_ind(res_gc_pca) 
 











Bi-plot of sample replicates and compounds 





Appendix Chapter 4 
Appendix 4.8 Semi-quantification and identification of 102 VOCs. 
PEAK 
NO. 
RT RI LIT 
RI 
CAS NO. TENTATIVE COMPOUND 
IDENTIFICATION 
IUPAC NAME FLAVOUR 
CHARACTER 
REFERENCE 
1 7.38 829 861 141-78-6 ethyl acetate ethyl acetate fruity, solvent-like [1] 
2 8.44 872 913 64-17-5 ethanol ethanol alcoholic [1] 
3 10.62 959 1013 107-87-9 2-pentanone, 4-methyl 4-methyl-4-methylsulfanylpentan-2-one fruity [2] 
4 10.76 965 1000 110-19-0 acetic acid, 2-methylpropyl ester 2-methylpropyl acetate banana, fruity [1] 
5 11.38 990 1025 71-23-8 1-propanol propan-1-ol alcohol [3] 
6 11.5 995 1031 105-54-4 ethyl butanoate ethyl butanoate fruity, tuttii fruity, 
banana 
[16] 
7 13.06 1057 1071 78-83-1 isobutyl alcohol 2-methylpropan-1-ol alcoholic [5] 
8 13.25 1065 1092 97-85-8 2-methylpropyl isobutyrate 2-methylpropyl 2-methylpropanoate fruity [1] 
9 13.98 1094 1112 127-91-3 β-pinene 6,6-dimethyl-2-
methylidenebicyclo[3.1.1]heptane 
herbal, pine [1] 
10 14.35 1109 1103 123-92-2 3-methylbutyl acetate 3-methylbutyl acetate banana, pear-like [20] 
11 15.26 1146 925 626-33-5 4-heptanone, 2-methyl- 2-methylheptan-4-one unknown [1] 
12 15.69 1163 1181 123-35-3 β-myrcene 7-methyl-3-methylideneocta-1,6-diene medicinal [21] 




2-Pentanol, propanoate pentan-2-yl propanoate unknown 
 
14 16.87 1211 1209 137-32-6 1-butanol, 2-methyl- 2-methylbutan-1-ol alcoholic, banana, 
medicinal, solvent 
[6] 
15 17.93 1253 1235 123-66-0 ethyl hexanoate ethyl hexanoate apple-like, sweet [7] 
16 19.1 1300 1254 142-92-7 hexyl acetate hexyl acetate fruity [1] 





18 19.98 1336 1291 64187-83-
3 
3-hexenoic acid, ethyl ester, (z)- ethyl (z)-hex-3-enoate tropical-fruity [1] 
19 20.51 1357 1293 626-77-7 hexanoic acid, propyl ester propyl hexanoate fruity [1] 
20 20.93 1374 1310 106-30-9 ethyl heptanoate ethyl heptanoate fruity [1] 
21 21.09 1381 1345 73805-48-
8 
hexanoic acid, 4-methylene-, 
methyl ester 
methyl 4-methylidenehexanoate unknown 
 
22 21.67 1404 1381 16409-43-
1 
rose oxide 4-methyl-2-(2-methylprop-1-enyl)oxane green [1] 
23 22.16 1424 1694 1731-86-8 methyl 2-undecynoate methyl undec-2-ynoate green [1] 
24 22.63 1443 1388 821-55-6 2-nonanone nonan-2-one cheesy [1] 








26 23.51 1478 1421 539-52-6 furan, 3-(4-methyl-3-pentenyl)- 3-(4-methylpent-3-enyl)furan unknown 
 






RT RI LIT 
RI 
CAS NO. TENTATIVE COMPOUND 
IDENTIFICATION 
IUPAC NAME FLAVOUR 
CHARACTER 
REFERENCE 
28 24.33 1511 1460 1569-60-4 5-hepten-2-ol, 6-methyl- 6-methylhept-5-en-2-ol green, coriander [1] 
29 24.48 1517 1429 2198-61-0 hexanoic acid, 3-methylbutyl 
ester 
3-methylbutyl hexanoate unknown 
 





31 24.57 1521 1431 64-19-7 ethanoic acid acetic acid sour, pungent, vinegar [16] 
32 24.93 1535 
 
4798-61-2 octene-2-ol-4 (e)-oct-2-en-4-ol fruity [1] 
33 25.19 1546 1486 35194-38-
8 
7-octenoic acid, ethyl ester ethyl oct-7-enoate fruity [1] 
34 25.57 1561 2236 54546-22-
4 
ethyl 9-hexadecenoate ethyl (e)-hexadec-9-enoate unknown 
 
35 25.75 1568 1646 6712-79-4 isopinocarveol 6,6-dimethyl-2-
methylidenebicyclo[3.1.1]heptan-3-ol 
woody, pine, green [1] 
36 25.78 1569 1530 628-99-9 2-nonanol nonan-2-ol musty, green, fruity [1] 
37 26.07 1581 1508 624-13-5 octanoic acid, propyl ester propyl octanoate coconut [1] 
38 26.57 1601 1553 78-70-6 linalool 3,7-dimethylocta-1,6-dien-3-ol fresh, coriander, 
lavender, 
[21] 
39 26.83 1612 1548 111-87-5 1-octanol octan-1-ol spicy [1] 
40 26.9 1614 1551 54461-06-
3 
octanoic acid, 2-methylpropyl 
ester 
2-methylpropyl octanoate fruity [1] 




3-nonenoic acid, ethyl ester ethyl non-3-enoate fruity [1] 








fenchol, exo- 1,3,3-trimethylbicyclo[2.2.1]heptan-2-ol minty, medicinal [1] 
44 28.18 1666 1585 543-39-5 myrcenol 2-methyl-6-methylideneoct-7-en-2-ol floral, lavender, citrus [10] 
45 29.06 1701 1610 110-38-3 ethyl decanoate ethyl decanoate brandy [20] 
46 29.36 1713 1645 143-08-8 1-nonanol nonan-1-ol soapy, citrus [4] 
47 29.55 1721 1657 2035-99-6 octanoic acid, isopentyl ester 3-methylbutyl octanoate fruity [1] 
48 29.62 1724 1668 150-84-5 citronellol acetate 3,7-dimethyloct-6-enyl acetate floral, rose, fruity, sweet [17] 
49 29.75 1729 1680 76649-16-
6 
ethyl trans-4-decenoate ethyl (e)-dec-4-enoate chemical [1] 





51 30.04 1741 1677 112-17-4 acetic acid, decyl ester decyl acetate waxy [1] 
52 30.34 1753 1666 67233-91-
4 
ethyl 9-decenoate ethyl dec-9-enoate fruity [1] 
53 30.55 1761 1678 1189-09-9 methyl geranate methyl (2E)-3,7-dimethylocta-2,6-
dienoate 
green, fruity aroma [1] 






RT RI LIT 
RI 
CAS NO. TENTATIVE COMPOUND 
IDENTIFICATION 
IUPAC NAME FLAVOUR 
CHARACTER 
REFERENCE 
55 31.15 1785 1723 141-12-8 nerol acetate [(2z)-3,7-dimethylocta-2,6-dienyl] acetat floral, rose, fruity [22] 
56 31.27 1790 2272 25524-95-
2 
jasmin lactone 6-[(z)-pent-2-enyl]oxan-2-one fatty, fruity, peachy, 
apricot 
[1] 
57 31.76 1810 1761 112-30-1 1-decanol decan-1-ol orange [13] 
58 32.66 1846 
 
692-86-4 ethyl undecenoate ethyl undec-10-enoate fruity, waxy [1] 
59 32.74 1849 1797 106-25-2 nerol (2z)-3,7-dimethylocta-2,6-dien-1-ol floral, fresh, green [21] 




17-octadecynoic acid octadec-17-ynoic acid alcohol, fruity, banana-
like 
[1] 




2,5-octadecadiynoic acid, methyl 
ester 
methyl octadeca-2,5-diynoate unknown 
 
62 33.46 1878 1810 103-45-7 acetic acid, phenethyl ester 2-phenylethyl acetate roses, honey, sweet [23] 
63 33.74 1890 1850 106-33-2 ethyl dodecanoate ethyl dodecanoate floral [24] 
64 33.71 1888 1854 106-24-1 geraniol (2e)-3,7-dimethylocta-2,6-dien-1-ol rose-like, floral [21] 
65 34.17 1907 1864 2306-91-4 isoamyl decanoate 3-methylbutyl decanoate banana, green, waxy, 
fruity 
[1] 
66 34.06 1902 1800 142-62-1 hexanoic acid hexanoic acid cheesy [1] 
67 34.99 1940 1872 2021-28-5 ethyl dihydrocinnamate ethyl 3-phenylpropanoate floral [1] 
68 35.34 1954 1686 2349-14-6 methyl geranate methyl 3,7-dimethylocta-2,6-dienoate sweet candy [11] 
69 35.47 1959 1918 60-12-8 2-phenylethyl alcohol 2-phenylethanol floral, rose [1] 
70 36.25 1991 1954 149-57-5 hexanoic acid, 2-ethyl- 2-ethylhexanoic acid unknown 
 
71 36.42 1997 1955 111-14-8 heptanoic acid heptanoic acid waxy [1] 
72 36.74 2010 1972 1072-83-9 2-acetylpyrrole 1-(1h-pyrrol-2-yl)ethanone sweet, musty, nutty tea-
like 
[1] 
73 37.59 2045 2076 124-07-2 octanoic acid octanoic acid rancid, soapy, cheesy, 
fatty, brandy 
[1] 
74 37.71 2049 1994 7212-44-4 β-nerolidol (6E)-3,7,11-trimethyldodeca-1,6,10-trien-
3-ol 
sweet, floral, rose, apple [12] 
75 37.98 2060 2054 124-06-1 tetradecanoic acid, ethyl ester ethyl tetradecanoate unknown 
 
76 38.12 2066 2018 104-61-0 γ-nonanolactone 5-pentyloxolan-2-one coconut [1] 
77 40.71 2170 2200 7786-61-0 4-vinylguaiacol 4-ethenyl-2-methoxyphenol clove, phenolic [9] 
78 41.82 2215 2283 54546-22-
4 
ethyl 9-hexadecenoate ethyl (e)-hexadec-9-enoate unknown 
 
79 41.88 2217 2290 334-48-5 decanoic acid decanoic acid fatty, citrus [19] 
80 43.03 2263 2335 14436-32-
9 
9-decenoic acid dec-9-enoic acid waxy [1] 




borane-dimethyl sulfide boron;methylsulfanylmethane unknown 
 
82 9.63 919 971 109-60-4 acetic acid, propyl ester propyl acetate celery and raspberry [18] 







RT RI LIT 
RI 
CAS NO. TENTATIVE COMPOUND 
IDENTIFICATION 
IUPAC NAME FLAVOUR 
CHARACTER 
REFERENCE 
84 11.16 981 1229 13877-91-
3 
β-ocimene (3e)-3,7-dimethylocta-1,3,6-triene green [1] 
85 12.89 1051 1061 624-92-0 methyl disulfide (methyldisulfanyl)methane sulfurous-cabbage, 
malty, creamy 
[1] 
86 12.93 1052 1079 540-42-1 propanoic acid, 2-methylpropyl 
ester 
2-methylpropyl propanoate fruity [1] 
87 13.7 1083 1091 13442-89-
2 
acetaldehyde ethyl amyl acetal 1-(1-ethoxyethoxy)pentane unknown 
 
88 14.73 1125 1142 539-82-2 pentanoic acid, ethyl ester ethyl pentanoate fruity [25] 
89 14.99 1135 1141 110-12-3 2-hexanone, 5-methyl- 5-methylhexan-2-one fruity [15] 
90 16.34 1189 1174 110-43-0 2-heptanone heptan-2-one cheesy [1] 
91 16.53 1197 1194 2445-69-4 2-methylbutyl isobutyrate 2-methylbutyl 2-methylpropanoate fruity [1] 













94 20.12 1342 1314 626-89-1 isohexyl alcohol 4-methylpentan-1-ol unknown 
 
95 20.82 1370 1737 112-54-9 dodecanal dodecanal citrusy [1] 
96 21.26 1387 1357 111-27-3 1-hexanol hexan-1-ol green, grassy [14] 
97 22.37 1432 1420 103-09-3 acetic acid, 2-ethylhexyl ester 2-ethylhexyl acetate unknown 
 
98 25.49 1558 1482 693-54-9 2-decanone decan-2-one feremented, cheesy [1] 
99 25.95 1576 1501 1192-62-7 ketone, 2-furyl methyl 1-(furan-2-yl)ethanone nutty [1] 




101 29.27 1710 1651 4621-04-9 4-Isopropylcyclohexanol 4-propan-2-ylcyclohexan-1-ol green [1] 









*Flavour characteristics were adapted from; (The Good Scents Company, 2018a)1, (Liu, 2015)2, (Olaniran et al., 2017)3, (Vuralhan, Morais, Tai, Piper, & Pronk, 
2003)4, (Guo et al., 2017)5, (X. Wang, Ban, Hu, Qiu, & Zhou, 2017)6, (Kucharczyk & Tuszyński, 2017)7, (Atwell, Martin, Montague, Swuste, & Picksley, 2017)8, 
(Lentz, 2018)9, (Martins, Brandão, Almeida, & Rocha, 2018)10, (Y. Wang & Kays, 2000)11, (Nascimento et al., 2019)12, (Medicine, 2018)13, (Humbard, 2015)14, 
(National Center for Biotechnology Information, 2019a)15, (Fritsch & Schieberle, 2005)16, (Inui et al., 2013)17, (Martínez Vega et al., 2014)18, (Song et al., 2019)19, 
(Pino et al., 2012)20, (A. J. King & Dickinson, 2003)21, (National Center for Biotechnology Information, 2019c)22, (Kuo et al., 2013)23, (National Center for 
Biotechnology Information, 2019b)24, (James, 2013)
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Appendix 4.9. Post Hoc. Analysis for selected compounds; ethyl esters, acetate ester, higher alcohols, hop-derived compounds and other 
compounds of interest. 
CLASSIFICATION  PEAK 
NO. 




                
 
p6 ethyl butanoate 5.47E+06 6.13E+06 4.01E+06 6.01E+06 6.26E+06 8.35E+06 5.50E+06 5.45E+06 7.39E+06 7.07E+06 5.35E+06 7.08E+06 0.000123 Yes 
 
p15 ethyl hexanoate 1.54E+08 1.14E+08 9.04E+07 1.23E+08 1.10E+08 1.47E+08 9.55E+07 8.10E+07 1.20E+08 9.17E+07 7.82E+07 9.05E+07 < 0.0001 Yes 
 
p20 ethyl heptanoate 7.54E+06 1.00E+07 1.00E+07 7.43E+06 1.56E+07 1.14E+07 1.40E+07 7.14E+06 7.31E+06 6.74E+06 9.21E+06 1.08E+07 < 0.0001 Yes 
 
p27 ethyl octanoate 6.63E+07 4.73E+07 5.13E+07 4.33E+07 6.76E+07 6.43E+07 5.14E+07 3.80E+07 4.97E+07 2.96E+07 3.83E+07 5.71E+07 < 0.0001 Yes 
 
p45 ethyl decanoate 1.41E+10 1.39E+10 1.24E+10 8.00E+09 6.79E+09 1.10E+10 6.63E+09 7.01E+09 8.48E+09 4.24E+09 2.90E+09 3.68E+09 < 0.0001 Yes 
 
p63 ethyl dodecanoate 1.20E+07 1.86E+07 9.74E+06 7.28E+06 3.19E+06 7.01E+06 3.93E+06 5.72E+06 1.32E+07 6.45E+06 3.56E+06 2.72E+06 < 0.0001 Yes 
ACETATE 
ESTERS 
               
 
p1 ethyl acetate 7.40E+07 5.72E+07 5.77E+07 7.18E+07 6.81E+07 7.19E+07 5.68E+07 5.05E+07 6.65E+07 6.07E+07 3.67E+07 4.20E+07 < 0.0001 Yes 
 
p4 isobutyl acetate 5.53E+06 4.48E+06 3.60E+06 2.99E+06 2.80E+06 3.18E+06 1.74E+06 8.30E+06 2.58E+06 4.04E+06 8.40E+05 1.55E+06 < 0.0001 Yes 
 
p10 3-
methylbutyl acetate   
2.25E+08 1.56E+08 1.48E+08 1.54E+08 1.66E+08 1.65E+08 1.34E+08 1.86E+08 1.61E+08 1.62E+08 5.64E+07 7.19E+07 < 0.0001 Yes 
 
p16 hexyl acetate 8.12E+06 4.73E+06 4.89E+06 5.04E+06 6.05E+06 3.62E+06 4.47E+06 5.82E+06 6.21E+06 6.20E+06 1.25E+06 1.50E+06 < 0.0001 Yes 
 
p62 2-phenethyl  acetate 2.57E+08 1.54E+08 1.38E+08 1.32E+08 1.80E+08 1.44E+08 1.17E+08 1.79E+08 1.51E+08 7.55E+07 2.56E+07 3.64E+07 < 0.0001 Yes 
HIGHER 
ALCOHOLS 
               
 
p5 propan-1-ol 5.49E+06 3.63E+06 4.89E+06 4.96E+06 3.10E+06 8.32E+06 2.59E+06 2.39E+06 2.41E+06 3.34E+06 3.05E+06 3.57E+06 < 0.0001 Yes 
 
p7 2-methylpropan-1-ol 1.16E+07 1.97E+07 1.37E+07 1.43E+07 1.21E+07 1.81E+07 9.72E+06 3.33E+07 1.11E+07 1.64E+07 1.63E+07 1.98E+07 < 0.0001 Yes 
 
p14* 2-methylbutan-1-ol 6.49E+10 7.74E+10 5.87E+10 6.94E+10 5.99E+10 7.34E+10 5.09E+10 7.59E+10 5.90E+10 7.20E+10 4.98E+10 4.76E+10 0.697949 No 
 
p69* 2-phenylethanol  1.84E+08 1.94E+08 1.80E+08 1.83E+08 1.83E+08 2.05E+08 1.76E+08 1.87E+08 1.69E+08 1.40E+08 1.82E+08 1.82E+08 0.136408 No 
PHENOLIC 




1.56E+07 1.31E+07 1.77E+06 1.62E+07 1.69E+06 1.30E+07 1.54E+06 1.00E+06 1.70E+06 1.31E+06 1.67E+06 1.00E+06 < 0.0001 Yes 
HOP-DERIVED  
TERPENOIDS 
              
 
p12* myrcene 4.86E+07 5.28E+07 7.64E+07 4.66E+07 6.20E+07 4.61E+07 5.84E+07 6.19E+07 4.67E+07 5.23E+07 9.69E+07 4.61E+07 0.079422 No 
 
p38* linalool 1.33E+08 1.29E+08 1.36E+08 1.45E+08 1.37E+08 1.26E+08 1.38E+08 1.24E+08 1.40E+08 1.40E+08 1.34E+08 1.33E+08 0.842926 No 
 




CLASSIFICATION  PEAK 
NO. 




p64 geraniol 1.45E+07 1.34E+07 2.21E+07 1.29E+07 2.48E+07 1.65E+07 2.64E+07 3.33E+07 2.97E+07 3.22E+07 4.61E+07 3.90E+07 < 0.0001 Yes 
 
p48 citronellol acetate 7.84E+06 1.46E+07 7.16E+06 7.13E+06 6.64E+06 6.98E+06 7.38E+06 9.67E+06 1.92E+07 2.69E+07 3.03E+06 3.56E+06 < 0.0001 Yes 
 
p55 nerol acetate 1.34E+06 1.26E+06 8.22E+05 9.83E+05 1.46E+06 7.16E+05 1.10E+06 1.68E+06 2.19E+06 2.82E+06 3.41E+05 5.17E+05 < 0.0001 Yes 
OTHERS 
                
 




5.53E+06 4.48E+06 3.60E+06 2.99E+06 2.80E+06 3.18E+06 1.74E+06 8.30E+06 2.58E+06 4.04E+06 8.40E+05 1.55E+06 < 0.0001 Yes 
 
p19 propyl hexanoate 3.86E+05 1.86E+05 1.96E+05 2.19E+05 1.75E+05 6.37E+05 1.00E+05 7.18E+04 1.01E+05 8.42E+04 7.91E+04 1.39E+05 < 0.0001 Yes 
 
p33 ethyl oct-7-enoate 6.41E+05 4.31E+05 3.02E+05 4.64E+05 4.29E+05 1.70E+06 3.60E+05 2.14E+05 1.93E+05 1.86E+05 1.80E+05 2.56E+05 < 0.0001 Yes 
 
p37 propyl octanoate  2.49E+06 1.17E+06 1.57E+06 1.07E+06 1.27E+06 3.26E+06 6.59E+05 4.78E+05 5.27E+05 4.25E+05 5.50E+05 1.28E+06 < 0.0001 Yes 
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